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SUMMARY 
 
This research project was based on the Design, Implementation and Evaluation of a 
Photovoltaic Water heating system in South Africa, Eastern Cape Province. The purpose of 
the study was to design and investigate the scientific and economic contribution of direct 
water cooling on the photovoltaic module.  
 
The method involved performance comparison of two photovoltaic modules, one naturally 
cooled (M1) and the other, direct water cooled module (M2). Module M2 was used to 
produce warm water and electricity, hence, a hybrid system. The study focused on comparing 
the modules’ efficiency, power output and their performance. The temperatures attained by 
water through cooling the module were monitored as well as the electrical energy generated. 
A data logger and a low cost I/V characteristic system were used for data collection for a full 
year. The data were then used for performance analysis of the modules. 
 
The results of the study revealed that the directly water cooled module could operate at a 
higher electrical efficiency for 87% of the day and initially produced 3.63% more electrical 
energy each day. This was found to be true for the first three months after installation. In the 
remaining months to the end of the year M2 was found to have more losses as compared to 
M1 as evidenced by the modules’ performance ratios. The directly water cooled module also 
showed an energy saving efficiency of 61%. A solar utilization of 47.93% was found for M2 
while 8.77% was found for M1. 
 
Economically, the project was found to be viable and the payback period of the directly 
cooled module (M2) system was found to be 9.8 years. Energy economics showed that the 
system was more sensitive to the price changes and to the energy output as compared to other 
inputs such as operation and maintenance and years of operation. A generation cost of 
R0.84/kWh from the system was found and when compared to the potential revenue of R1.18 
per kWh, the system was found to enable households to make a profit of 40.5 %. Use of such 
a system was also found to be able to contribute 9.55% towards carbon emission reduction 
each year. 
 
 
v 
 
From these results, it was concluded that a directly cooled photovoltaic/thermal heating 
(PV/T) system is possible and that it can be of much help in terms of warm water and 
electricity provision.  
 
Keywords: 
Sensitivity analysis, Photovoltaic thermal system (PV/T), Solar utilization, Carbon emission. 
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CHAPTER 1 
 
DESIGN, IMPLEMENTATION AND EVALUATION OF A 
DIRECTLY WATER COOLED PHOTOVOLTAIC THERMAL 
SYSTEM. 
 
1.1 INTRODUCTION 
 
Solar energy provides two forms of energy namely thermal and electrical energy. Thermal 
energy is gained through the use of thermal collectors to heat water, while electrical energy is 
obtained through the use of photovoltaic (PV) modules. Solar thermal collectors have been 
used and proven to be able to heat up water for commercial and home use while PV modules 
have been used to provide electricity. PV modules have been found to show efficiency drop 
when the module’s temperature increases. In this research, the effect of water in direct 
contact with the back of the module on a photovoltaic thermal system (PV/T) was 
investigated. This research project was carried out to find ways of improving the efficiency of 
photovoltaic modules while at the same time being used as a source of electricity and solar 
thermal energy. The characteristics and economics of the module when used under these 
conditions were assessed.  
The introductory chapter focuses on the background of the problem; a statement of the 
problem; aim and objectives of the study; importance of the study, limitations and delineation 
of the study. Also a brief overview of other chapters are presented. 
 
 
  
2 
 
1.2 BACKGROUND OF THE PROBLEM 
 
Several investigations have been done on PV thermal water heating systems, mostly in trying 
to cool the modules. The heat transfer from the PV modules to the absorbing material has 
been found to be poor in many designs that have been developed (Joachim, 2010).  
Most hybrid collectors make use of copper tubes fixed at the back part of the module, and 
these tubes are known as risers. Water is forced through the risers using pumps and, in the 
process water helps to sink the heat from the module as it passes through a pipe in contact 
with the module. Heat transfer takes place from the module to the metal plate, to the pipe and 
then to water. A photovoltaic thermal (PV/T) system has been found to require 38% less 
roofing space than a system having a PV system separated from thermal collector for the 
same efficiency (Elswijik et al., 2004). This indicates that such systems could be of benefit to 
buildings with less roof space.  
The risers are usually fixed on a metal plate attached to the back of the module and such a 
setup increases thermal resistance and this effectively limits the heat transfer hence 
contributing towards reduced cooling and poor efficiency of the modules. The other problem 
is that this cooling method requires the use of pumps to pump water around the collector and 
therefore leading to more power consumption. The PV/T system, while improving on the 
efficiency of the module it could also help reduce power consumption in the households. 
The idea was not just to embed the PV module and solar thermal collector together, but rather 
to introduce ways that would maximise the heat transfer. In this investigation no power was 
used to drive water around the collector (PV module), no risers were used. Instead a water 
bath/batch system was used to cool almost all the cells in the module. The neighbouring cells 
to those cooled would also be cooled through conduction. The thermosyphon effect would in 
turn be used to bring about water circulation. It was anticipated that the cooling effect due to 
the batch system could improve the efficiency of the module and at the same time bringing 
about warm water to a household and therefore reducing electricity bills.  
In South Africa, electricity tariffs have been on the increase since 1994 as depicted in the 
graph in Figure 1.1. Also there has been a problem of frequent power outages and inadequate 
electricity generating capacities. It is hoped that this research will contribute towards 
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reducing electricity demand from the utility and at the same time help the users in reducing 
their electricity bills. 
 
Figure 1. 1: Eskom’s average tariff adjustment for the last 15 years, (Eskom, 2012) 
 
Tariff increases especially from year 2008 have brought more economic difficulties to many 
families as well as to many companies. About 33% of Eskom's electricity is due to demand 
from South African households (DoE, 2003). The greater part of this demand goes towards 
water heating in the conventional water heaters installed on residential and industrial areas. 
PV/T systems may help the utility company by reducing electricity demand from households 
and thus leaving more electricity for industrial uptake.  
ESKOM, a South African utility company uses coal as its major source of energy for 
electricity production. It uses 50% of the country’s coal production to produce 91% of SA’s 
electricity (PSA, 2008). According to ESKOM (2007) report, this translates to 238 million 
tonnes of carbon dioxide polluting the environment each year. Carbon dioxide is a major 
contributor towards global warming. Global warming does not only bring about warm 
weather; it also brings about more floods, strong hurricanes and even droughts and these 
impact badly on the livelihood of people. It is hoped that this investigation would contribute 
towards reducing these emissions.  
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South Africa has high solar energy resource throughout the year. On average the solar energy 
resource in the country ranges from 4.5 to 6.5 kWh/m
2
per day (Renewable energy sources, 
2012). The utilization of this resource in South Africa is still very low. Ways of increasing 
the utilization of this resource especially in households need to be put in place to reduce the 
overall demands from the households.  
South Africa has developed a white paper on the renewable energy contribution. According 
to the white paper, renewable energy resources are to contribute about 10000 GWh of energy 
by 2013, and if implemented, this could contribute 2% towards the country’s electricity 
demand (Climate Change, 2008).  
Investment in renewable energy needs to be embraced now as there is likely to be carbon 
fines on carbon emissions in the near future. According to Eddie (2010) carbon emission 
fines for 1000 MW coal fired power station estimated to produce 7.1 million tonnes of carbon 
per year is currently at €13/ton and this could amount to R858 million annually. This figure is 
predicted to increase to €40/ton (R2.64 billion) annually, hence a need to invest in renewable 
energy sources (Eddie, 2010). This shows the need for a fast uptake of renewable energies in 
South Africa. 
According to Kyoto Protocol, all developing economies have no obligation towards reducing 
their greenhouse gas emissions. However, South Africa is a signatory on the Kyoto Protocol 
and as such even though not mandated as yet, it should show effort towards reducing the 
country’s carbon footprint. An accord agreed on at the 15th conference of parties (Post., 
COP15), held in Copenhagen in December 2009, was that the global temperature should not 
rise above 2°C and that mitigation actions taken by developing countries would be subjected 
to domestic measurement, reporting and verification while those for developed nations would 
be measured, reported and verified according to guidelines to be established (Post COP15., 
2010). This direction taken already seems to be compelling all nations including developing 
nations to be accountable. 
It is the intention of this research to contribute towards the reduction of carbon emissions. If 
systems under this research are taken up, the move may contribute towards energy savings at 
each household and could assist in elongating the lifetime of solar modules. The energy 
deficit of the utility company may also improve. The solar energy resource has been 
identified by the South African government as one of the areas that may require financing 
and this is indicated in the South Africa’s white paper (DoE., 2003). Solar energy is a God 
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given resource and has no waste that would need proper handling as would be the case for 
Coal fired and Nuclear power stations.  
Several research studies have been done on cooling photovoltaic systems. Air draft systems 
have been investigated and noted to be able to cool photovoltaic module, while at the same 
time warming up buildings (Arvind et al., 2006). It is with this background that it is 
hypothesized that the: 
 water bath/batch system would provide a better cooling effect on the module, 
 batch system would bring about a higher photovoltaic module’s efficiency and an 
improved thermal heat dissipation, and 
 system would bring down electricity demand from the households in SA. 
Addressing the electricity demand through use of photovoltaic thermal (PV/T) system could 
support future growth and development in South Africa. 
 
1.3 STATEMENT OF PROBLEM 
 
It appears that good thermal contact between the fluid and the solar cells in photovoltaic 
modules may lead to higher thermal gain and improved module cooling. This could result in 
higher module efficiency and high electricity yield from PV modules. 
When a module is placed outdoors, it’s back of module temperature has been found to rise to 
temperatures between 40°C and 70°C (Antony et al., 2006 ). At temperatures above 25°C, the 
output of the silicon based module has also been noted to fall by approximately 0.5% per 
degree temperature increase above 25°C. As the temperature increases, the performance of 
the module is altered, implying that the intended results are not achieved. In the long run, this 
effect may contribute towards system failures.  
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1.4 AIM OF THE STUDY 
 
The aim of this research was to design, implement and evaluate the performance of a 
photovoltaic-water heating system for use in South Africa. 
 
1.5 OBJECTIVES 
 
The objectives of this research were to: 
 develop a photovoltaic water heating system that can use photovoltaic module as a 
collector. 
 use the system as a model for analysing its technical aspects.  
 collect information on the performance, efficiency and reliability of such a system. 
 determine the amount of energy such a system could contribute towards the energy 
demand if used in a household. 
 estimate the potential contribution of such a system towards energy demand in SA. 
 work out the economic costs and benefits of this application in South Africa and 
include the feed in tariff analysis in relation to the system. 
 determine how much carbon dioxide would be eliminated by making use of such a 
system. 
 give recommendations with regards to policy change, investments and future research. 
 use the knowledge acquired in the project in forming a basis for a new industry in the 
end use segment of PV technology. 
 publish the results in a form suitable for future guidance to the designers and potential 
users of photovoltaic thermal (PV/T)systems. 
The researcher hopes the findings in this research would benefit other players in renewable 
energy. 
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1.6 IMPORTANCE OF STUDY 
 
Photovoltaic modules generally have low efficiency and therefore there is a need to find ways 
to improving their efficiency. This study will investigate the use of a direct contact water 
system as a heat sink to cool the cells of a photovoltaic module. In this research, we will try 
to reduce the thermal resistance between the cell and the cooling fluid (water) by having the 
liquid in direct contact with the back of the module. This will enhance heat sinking as 
compared to other systems that have fluid containing pipes soldered onto copper/aluminum 
metal plate heat sink, that are glued to the back of photovoltaic modules. Thermal energy 
produced would be used to provide warm water in a household and the electricity generated 
to supply lower loads such as bulbs and televisions in the house. Heat and electricity 
produced would be assumed to help in reducing electricity bills in households.  
Power generation in SA is low and the electricity reserve margin is expected to have fallen to 
3.5% and an electricity shortfall of 5594 MW in the year 2014 .(DME, 2008),  With such a 
bleak future scenario there is therefore a need to come up with the means that will help out in 
correcting the situation. In September 2002, the demand side management (DSM) fund was 
approved for ESKOM and during 2004 and 2005, Integrated Demand Management started to 
pick up momentum (ESKOM Energy Efficiency, 2012). It was noted that the implementation 
of the demand side management project would help in reducing electricity consumption by 
end users. Efficient PV systems may help meet this demand side management and could be of 
much benefit to the country in terms of carbon emission reduction and energy demand. It is 
hoped that the findings in this research would help in addressing the electricity deficit and at 
the same time improving the efficiency of the photovoltaic modules. 
 
Currently, electricity tariffs have been on increase since 1995 as shown above and these 
tariffs are too high for a greater number of households. The tariffs will rise for a couple of 
years to come as ESKOM tries to correct the power situation in the country. However, many 
households would find it difficult to pay up, hence the need for an alternative sustainable 
energy supply. 
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1.7 SCOPE OF STUDY 
 
The research was carried out at the University of Fort Hare in Eastern Cape Province. The 
system was mounted on top of the Chemistry building. Photovoltaic modules, charge 
controllers, Low cost I/V measurements system, PVPM1000 system and a data logger were 
used in this project. The data logger was used for recording the following: solar radiation, 
inlet and outlet water temperatures, back of module temperatures, voltage, current and 
ambient temperature. The measuring devices that were installed on the system were; 
temperature transducers (type k thermocouples), Kipp and Zonen irradiance measuring 
transducer, sunsaver MPPT with transducers to measure current and voltage. The 
PVPM1000C40 and low cost I/V measurement systems were used to measure the I/V 
characteristics of the modules, an important measurement for module characterization. 
 
1.8 LIMITATIONS OF THE STUDY 
 
The research only considered the silicon photovoltaic modules and each of these was 
connected to a 25W lamp load through charge controllers. The polycrystalline / 
monocrystalline have been found to have their power dropping by around 0.5% for every 
degree increase in temperature, while the amorphous silicon cells’ power decreases by 
approximately 0.2% per degree Celsius (Antony et al., 2006). The research study was limited 
to the Polycrystalline modules due to availability and their higher power percentage drop as 
compared to the other modules. Lamps were used as loads though it was not a true reflection 
of household loads; however, an analysis close to a household situation would be obtained. 
Normal thermal collectors would not be used in this study. 
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1.9 ASSUMPTIONS 
 
The researcher assumed that ESKOM would allow photovoltaic water heating systems to be 
installed on houses that are already connected to ESKOM supply. It was also assumed that 
the inflation in the country was to remain constant in order to find the payback period of the 
system. 
 
1.10 FINANCIAL IMPLICATIONS 
 
The project was financed by various public enterprises through the Fort Hare Institute of 
Technology (FHIT). An economic analysis of the system was determined. The heat and 
electricity generated by the module were converted to cost/kWh. 
 
1.11 VALIDITY AND RELIABILITY 
 
The researcher used several instruments to justify and validate the research. The instruments 
used were renowned textbooks, Internet, Researches by other researchers. Local data were 
used instead of data from the meteorological office. 
 
1.12 CHAPTER OVERVIEWS 
 
The thesis outlines the design, experimentation, analysis and economic evaluation of the 
system. In chapter 1 a general overview of the research was given. The scope, importance and 
limitations of the study were also given.  
 
In chapter 2 the literature review is given. The sun as a source of energy is looked at as well 
as the solar radiation in South Africa (SA) and its carbon footprint. Solar thermal energy and 
PV use in SA are also detailed. Solar thermal and photovoltaic thermal system (PV/T) is 
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reviewed. The models of photovoltaic (PV) modules and photovoltaic thermal (PV/T) 
collectors are given in this chapter.  
 
In Chapter 3 the development of the photovoltaic water heating system is given. The design 
and the research methods used are given. In this chapter the author also looks at the 
instruments and methods that were used to collect data from the field and how this was used 
to get the results. The design used for the project was also given.  
 
Chapter 4 details the benchmarking process of the PV modules used in the study. Chapters 5, 
6 and 7 shows the results and research findings for the directly cooled PV/T system. While 
Chapter 8 gives an economic evaluation of the system, Chapter 9 outlines the discussion, 
recommendation and conclusion.  
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1.13 CONCLUSION 
 
This chapter has looked at the statement of the problem, the importance of the study so as to 
improve the efficiency of photovoltaic modules, aim of the study, objectives of the study, the 
scope of the study, as well as the limitations, assumptions, validity and reliability of the 
study. The chapter overviews of the thesis have also been outlined. 
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CHAPTER 2  
 
LITERATURE REVIEW 
 
2.1 INTRODUCTION  
 
Thermal and photovoltaic energy are the areas that would be investigated in this research. 
The sun is the source of energy. This chapter looks at the absorption of solar energy to 
produce thermal energy as well as electricity by photovoltaic modules.  
 
2.2  THE SUN 
 
The sun is the source of nearly all energy on the earth. Could it be wind, biomass, tidal 
energy etc, all derive their source one way or the other from the sun. We all rely on the sun 
for food and for warmth. The sun has an effective blackbody temperature of 5777 K and the 
average radiation striking the atmosphere is equivalent to 1367 W/m
2 
(Duffie and Beckman, 
2006). The radiation arriving on the earth has been found to be lower because of radiation 
losses due to the following; reflection in the atmosphere, absorption in the atmosphere, 
Rayleigh’s scattering of light due to gas molecules and smallest dust particles in the sky with 
radius less than that of the incident radiation and Mie scattering of light which is due to 
particles that have radius greater than the wavelengths of the incident radiation. As a result 
there is diffuse and direct radiation that takes place on a daily basis. Diffuse radiation is 
mainly brought about by cloudy sky while direct radiation is due to the clear sky. The energy 
from the sun to the earth is also affected by the distance between the two. The relationship to 
determine the energy in the atmosphere and on earth is given by equation (2.1) (Retscreen, 
2009). 
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where: Ho is the daily extraterrestrial radiation on a horizontal surface. 
Gsc is the solar constant in space taken to be equivalent to 1367 W/m
2
.  
ψ is the angle of latitude of the site. 
δ is the declination angle,  
ωs is the sunset hour angle  and  
n is number of the day in the year (n=1 on January 1 and n=32 on February 1) also 
known as the Julian day. 
 
The radiation undergoes attenuation due to clouds and the atmosphere before it reaches the 
earth. The solar constant is obtained from the relationship: 
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where: Tsun is Temperature of the sun =5777K;  
Rse is sun and earth distance =1.495 *10
11
 m; 
 =5.7*1011;  
Rsun is Radius of the sun=7.0 *10
8
 m. 
 
For any day, the effective solar constant is given by: 
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where: n is day of the year. 
The solar spectrum of the sun is as shown in Figure 2.1 below, airmass (AM) refers to the 
degree by which the atmosphere affects the intensity and distribution of sunlight. For an 
observer on the earth’s surface , AM is defined as the ratio of the mass of atmosphere through 
which beam radiation passes to the mass it would pass through if the sun were at zenith 
(directly overhead). At sea level, AM =1 when the sun is at zenith; AM = 2 for a zenith angle 
θz of 60o. For 0 < θz < 70o AM= 1/cos θz (Duffie and Beckman, 2006). 
 
 
Figure 2. 1: Solar spectrum of the sun (Adapted from Meyer 2002) 
 
From Figure 2.1 it can be noted that large energy is found in the visible range. Figure 2.2 
shows the average global annual solar radiation in kWh/m
2
, (Global Irradiation, 2011). 
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Figure 2. 2: Average annual solar radiation in kWh/m
2
 (Global irradiation, 2011) 
 
It can be noted from Figure 2.2 that there is a large solar energy resource in South Africa 
ranging from 1900-2300kWhm
-2
 and research is needed to tap on this resource.  
 
2.2 SOLAR RADIATION IN SOUTH AFRICA 
 
In South Africa, the primary energy mix consists of 77% coal, 13% oil and 5% natural gas 
and the remaining 5% is contributed from biomass and renewable energy (Moodley, 2005). 
Renewable energy resources are sustainable in that they can be used forever from nature 
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without hurting it (Hannβ, 2012). They include the following sources; solar energy, wind 
energy; wave and tidal power; geothermal, hydro power and biomass energy. 
 
Solar radiation is responsible for all natural cycles and processes such as rain, wind, 
photosynthesis and ocean currents. The whole world’s energy requirements have been based 
from solar energy for example; all fossil fuels (oil, gas, coal) were converted from solar 
energy. Solar energy is the most abundant permanent renewable energy resource available in 
the world with the sun emitting energy at a rate of 3.8x10
23
 kW and out of this, 1.8x10
14
 kW 
is intercepted by the earth and about 60% of this energy, that is 1.08 x 10
14
 kW reaching the 
earth’s surface (WEC, 2007). If photovoltaic modules rated at 10% efficiency were to be 
used, then we would be able to get four times the world generating capacity which is 
currently at 3 000 GW (WEC, 2007).  
The annual 24-hour solar radiation average for South Africa is 220 W/m
2
, which is higher as 
compared to 150 W/m
2
 in USA and about 100 W/m
2
 in Europe (Davidson et al., 2006). The 
whole of the interior of the country has an average insolation in excess of 5 000 Wh/m
2
/day. 
Places like Upington, for example, receive more than 7 kWh/m
2
 daily average direct normal 
irradiation (DNI). A map depicting the DNI in South Africa is shown in Figure 2.3 (Edkins et 
al., 2010).  
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Figure 2. 3: Direct normal irradiation (Wh/m
2
/d) in South Africa (Edkins et al., 2010) 
 
As noted in figure 2.3, the coastal regions have an annual average solar irradiation less than 
5.7 kWh/m
2
/day. Solar energy can be used to provide electricity through the use of 
photovoltaic (PV) and solar thermal electricity generating systems, while solar thermal 
collectors provide warm water. The PV conversion efficiencies are still very low, ranging 
from 4 to 16% depending on the technology used (Antony et al., 2006). PV efficiency is still 
very small, to produce a huge amount of electricity more land space would be needed. 
However, research is still on-going in trying to find ways of improving the efficiency of PV. 
Figure 2.4 shows the annual global (direct plus diffuse) solar energy resource in South Africa. 
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Figure 2. 4: South African Renewable Energy Resource database- Annual solar radiation 
(DME, 2003) 
 
From Figure 2.4, the annual solar radiation for Alice, the area where the research was carried 
out, is in the region of 1945-2083 kWh/m
2
/year (Incoming radiation, 2012). This energy can 
be tapped for electrical and solar thermal purposes. 
According to Integrated Resource Plan (IRP), 42% of all new energy generation should come 
from renewable energy amounting to a total of 17.8 GW of renewable energy, of which 8.4 
MW are to be wind energy converters (WEC), 8.4 MW photovoltaic (PV) and 1 GW 
concentrated solar power (CSP) (DoE, 2011) These levels would go a long way in meeting 
part of the energy demand of the country. This will also help in offsetting huge amounts of 
carbon emissions as indicated in the next section. 
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2.3 SOUTH AFRICA’S CARBON FOOT PRINT 
 
Coal has been found to be the most abundant and economic of all fossil fuels in the whole 
world. However, it is a major polluting fuel. On the basis of proven reserves as at the end of 
year 2008, coal was found to have reserves to production ratio of about 128 years, compared 
with 54 years for natural gas and 41 for oil (WEC, 2010). Coal available globally was also 
found to be 860 billion tonnes, oil 1 239 billion barrels, and proven natural gas reserves 185 
544 billion m
3
. Proved coal reserves in South Africa were found to be 30 156 Million tonnes, 
oil reserves 2 million tonnes (15 million barrels) and natural gas 10 billion m
3
 as of 2008 
(WEC, 2010). Fossil fuels pollute the environment more through the production of carbon 
dioxide and nitrogen oxide gases. The carbon dioxide produced increases global warming. In 
South Africa, Electricity supply commission (ESKOM) is the major user of coal. It was found 
that it uses about 70% of coal produced as indicated in Figure 2.5 (Eberhard, 2011). 
 
 
Figure 2. 5: Coal use in South Africa (After Eberhard, 2011) 
 
Carbon emissions from Eskom have been on the rise as shown in Figure 2.6 (Blignaut et al., 
2011). This was found to be attributed to increased use of electricity due to economic growth 
and this translated to an increased use of coal during power generation.  
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Figure 2. 6: Eskom's increase in carbon emission (Adapted from Blignaut et al., 2011) 
 
As can be noted in figure 2.6, a percentage increase of load emission was found to be 7.04% 
when comparing the years 2006 and 2007. A percentage drop to 6.13% was noted in 2008 
and, may be attributed to load shedding introduced during that year to prevent the collapse of 
the grid. The following years showed a gradual increase in emission load indicating a need to 
reduce the load emissions. 
According to Makwana, (2011) coal was found to be a major polluting energy resource in 
SA. He noted that carbon emissions at ESKOM reached a maximum of 230.3 million tonnes 
(Mt) in the year period from April 2010 to 31
st
 March 2011. A percentage increase of 10.24% 
was found for the period 2006/7 to 2010/11. 
South Africa has been noted as the 12th largest emitter of CO2 in the world. In the year 2004, 
South Africa was found to emit about 387 million metric tons of CO2, just under half of CO2 
emissions for all of Africa, and about 1.6 per cent of global emissions (DNT, 2010). The 
relationship of carbon emissions in South Africa as compared to other top 5 countries in 
Africa are shown in Table 2.1 (UNFCCC, 2005). These results were worked out using data 
without land use change and forestry (LUCF).  
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Table 2.1 : Emissions for three gases 
Country CO2 CO2% 
Emission 
CH4 CH4% 
Emission 
N2O N2O% 
Emission 
South Africa 315 957.24 45.10 2 057.44 7.46 66.69 6.22 
Nigeria 114 815.82 16.38 5 912.16 21.43 11.79 1.10 
Egypt 84 459.00 12.05 1 055.91 3.83 34.30 3.20 
Algeria 63 703.74 9.09 894.00 3.24 29.45 2.75 
Morocco 28 364.00 4.05 349.00 1.26 28.00 2.61 
Total In Africa 700 940.20  27 590.61  1 072.78  
 
According to the results in Table 2.1, South Africa is the largest polluter in Africa 
contributing 45.1% of carbon emissions in Africa. Nigeria has the highest methane emission 
of 21.43% due to all year round oil production. With land use change in the emissions of 
South Africa considered, the emissions were equally high at 380 Mt. The total national 
emissions for the years 1990, 1994 and 2000 were 347, 380 and 435 million tons of CO2 
respectively (Letete et al. 2009). 
As indicated earlier on, the fossil fuels are finite, hence not sustainable; soon the fossil fuels 
would get finished. There is therefore the need to look at other environmental friendly 
sources of energy which are sustainable. However, coal is a major energy resource in South 
Africa and is mainly used in power stations to produce electricity and synthetic fuel 
production and in the process emit greenhouse gases. There are six main greenhouse gas 
emissions (GHGs), or gas compounds which contribute towards global warming namely: 
CO2, methane, nitrous oxide, hydro-fluorocarbons, per-fluorocarbons and sulphur 
hexafluoride. Each type of GHG has a different global warming capacity. Methane has been 
found to have 25 times the global warming potential of CO2 and hydro-fluorocarbons have 
more than 1 000 times the potential of CO2 (DNT, 2010). 
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2.4 SOLAR THERMAL COLLECTORS AND PV USE IN SOUTH AFRICA 
 
Solar thermal heating has high potential to reduce the electrical demands for water heating. 
ESKOM has embarked on a programme that involves the use of solar thermal collectors. In 
this programme ESKOM gives a rebate per installed size of thermal collector. Use of solar 
thermal systems is capable of reducing energy consumption by 7.9 TWh annually in South 
Africa (Banks et al, 2006). This would mean a reduction in electricity demand hence reducing 
carbon emissions from the thermal power stations. The total capacity of solar thermal systems 
installed in South Africa as of the year 2007 was equivalent to 613.40 MWth (SOLTRAIN, 
2009). While with photovoltaic systems the capacity was low.  
The installed capacity of PV was estimated at 12 MWp in South Africa (SA) (Photovoltaic, 
2012). The installed capacity was meant to increase due to the continued drop of prices for 
the modules. The only unfortunate thing on the implementation of such systems on 
households is that the SA government has not as yet subsidised small PV systems as it did on 
solar thermal systems. However, through the National Energy Regulator South Africa 
(NERSA), the government introduced the Renewable Energy Independent Power Producer 
procurement (RE IPP). The programme made provisions for PV systems greater than 1 MW 
only. Electricity generation from PVs on households were not accommodated mainly due to 
their output levels which are lower than 1 MW. The programme involves companies bidding 
for provision of energy from any of the energy resources available. Unlike the traditional 
Renewable Energy Feed-In Tariff (REFIT) programmes, the price under the REIPP is capped 
and the bidders compete on price below the cap. According to the integrated resource plan 
(IRP), the government’s plan includes the following: 9.6 GW of nuclear; 6.3 GW of coal; 
17.8 GW of renewables; and 8.9 GW of other sources (DoE, 2011). Solar thermal heating and 
photovoltaic models are discussed in detail in the following sections.  
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2.5 SOLAR THERMAL GENERATION 
 
Solar energy has huge potential in offsetting electrical energy demand for warm water 
heating especially on households through use of solar thermal collectors. Households in SA 
consume between 17% and 35% of electricity generated (Riaan and van Eldik, 2010) and a 
larger fraction of this energy goes towards heating of water. 
The photovoltaic module in this research would be used as a solar thermal collector hence the 
need to look at the solar thermal generation. 
Solar thermal heating has been on the rise worldwide, and this is indeed helping a lot towards 
carbon emissions reduction. As of year 2007, solar thermal heating collectors installed in 49 
countries were found to have an area of 209.2 million square meters (ADC, 2009). This was 
found to represent 146.8 GWth installed capacity in these countries. The installed capacities 
were found to represent 80-95% of the solar thermal market worldwide. South Africa had its 
installed capacity at 613.4 MWth and China was leading the group at 79898 MWth. The 
annual collector yield of all solar thermal systems in operation by the end of 2007 in the 49 
recorded countries was found to be 88845 GWh. This was found to correspond to an oil 
equivalent of 1209 million tones and annual avoidance of 293 million tons of carbon 
emissions at 1 kWh coal generation equal to 0.33 kg of CO2 (Noelia and Gustova, 2010).  
In South Africa, the currently installed solar water heating systems are bringing about energy 
savings amounting to 60 GWh/annum (COP 17 Fact sheet, 2011). According to ESKOM 
integrated report, this brings about 0.99 kg of carbon emission savings per kWh (EIR, 2011). 
According to DME 2003 white paper, Government set a target of 10000 GWh of electricity 
from renewable energy sources by 2013, and 23% of this was meant to come from solar 
water heating (DME, 2003). With the information at hand, solar water heaters target was 
meant to be 2300 GWh and the 60 GWh equivalent of currently installed SWH systems 
means only 2.61% contribution towards the target level so far. This means more installations 
need to be done towards meeting this target. A system able to produce both electricity and 
warm water such as the intended direct water cooling system could contribute.  
Several types of solar thermal collectors are being used to try and reduce carbon emissions. 
Mainly the solar collectors used are evacuated tubes, flat plate collectors, unglazed collectors 
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and air collectors. The principles of operation of these collectors are detailed in the next 
section. 
 
2.6 PRINCIPLES OF OPERATION OF SOLAR THERMAL COLLECTORS 
 
Typically, solar water heating systems consists of the following: Solar collector; absorber, 
storage tank, connecting pipes and at times circulating pump if the system is not a 
thermosyphon system. The Solar Collector absorbs heat from the sunlight directly into water 
through an absorber within the collector. If the temperature in the storage tank is less that the 
temperature in the collector, the circulating pump is activated bringing the higher temperature 
from the collector to the storage tank until they are equal. If a thermosyphon system is used, 
similarly when the water in the storage tank has a lower temperature as compared to the 
collector temperature then through gravity, warm water rises by thermosyphon effect and this 
process would continue until the storage tank temperature is at par with collector temperature.   
The heated water within the storage tank can then be used for bathing or washing.  
 
2.6.1 Evacuated tube collectors 
 
Evacuated Tube collectors are constructed as tube collectors. Different technologies of 
evacuated tubes collectors exist, namely; Heat pipe evacuated tubes collectors and U-pipe 
evacuated tubes collectors. 
 
2.6.1.1 Heat Pipe Evacuated tube collectors 
 
These have a thin absorber strip with selective coating enclosed in a highly light and 
transparent heat resistant glass tube. This selective surface is excellent at absorbing solar 
radiation with minimal reflection losses and it is made of an aluminum nitride (Al-N/Al) 
coating. The space between the glass and the absorber is evacuated to reduce heat losses 
through convection and conduction. A vacuum is an excellent insulator. The vacuum 
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eliminates a physical connection between the two glass layers of the tube which means there 
is nothing to transfer thermal energy hence the heat cannot escape. The evacuated tube 
collectors heat water to temperatures in the range 90°C-130°C.These collectors must be 
placed in such a way that they face north if in the southern hemisphere and face south if in 
the northern hemisphere. Figure 2.7 shows the setup of a heat pipe evacuated tube vacuum 
collector (Jack et al, 2011). 
 
Figure 2. 7: Principle of operation of a heat pipe (After Jack et al., 2011) 
 
In the heat pipe there is a non-toxic liquid, of which when it gets heated it becomes vapour 
and rises to the heat exchanger in the manifold and it is here where the liquid loses its heat to 
the water and in the process gets cooled. Once cooled, the liquid condenses and returns to the 
bottom of the heat pipe to repeat the cycle. It should be noted that though there is a vacuum 
tube, some heat energy is still lost from the absorber to the ambient through conduction. The 
energy gained from the absorber is in turn gained by the heat pipe which in turn vapourises 
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the glycol liquid. Once vapourised, the liquid becomes less dense and rises to the manifold 
where heat exchange between the water and glycol takes place. 
 
2.6.1.2 U Pipe Evacuated tube collectors 
 
These are smaller and more compact as compared to heat pipe evacuated tube collectors. 
However the two, the heat pipe and the U-pipe have nearly identical efficiency ratings. The 
U-pipe collectors are extremely low priced; they can be installed vertically, horizontally, or at 
any angle, that allows a wider variety of installation options, see the u-pipe setup shown in 
figure 2.8 (Soltrain, 2009) 
 
Figure 2. 8: U-Pipe set up (Soltrain, 2009) 
 
As shown in Figure 2.8, there are basically two arms; one for hot water and the other for cold 
water. The cold water is heated and becomes less dense and rises through the copper pipe to 
the hot water collecting pipe from which it goes on to the storage tank. This warm water is 
then replaced with cold water which also gets heated up and the process continues until all 
the water is heated up. 
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2.6.2 Concentrated Solar Power (CSP) 
 
Concentrating collectors are also used in the heat collection, these have either parabolic 
troughs or concave mirrors and they direct the radiation to a pipe or a certain point and this 
way a lot of heat is generated and high temperatures are achieved. Such systems are now 
being used in the solar thermal power stations and the heat generated is in the range 250 to 
800°C (Soltrain, 2009). Only direct radiation is used and this also requires a tracker so as to 
track the sun and diffuse radiation may not be concentrated. There are three basic designs of 
CSPs and these are troughs, towers and dish-engine systems. 
 
2.6.2 .1 Solar Trough 
 
These have linear parabolic collector, which tracks the sun on a single axis to focus the light 
onto a absorber tube, which runs along the focal length of the troughs. The collector holds a 
carrier fluid, which transfers the heat to the storage medium or generator for electricity 
generation. The carrier fluid can be in the form of oil or salts or water MIT, 2012 see Figure 
2.9; 2.10 and 2.11. 
 
Figure 2. 9: Solar Trough used for generating electricity (MIT, 2012) 
Parabolic troughs are designed to have temperatures reaching between 100°C and 450°C. 
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2.6.2 .2 Solar Towers 
 
The towers involve the use of mirrors which reflect light to a common receiver and this in 
turn super heats water to super-heated steam which in turn is supplied to steam turbines and 
electricity is generated.  
 
 
Figure 2. 10: Power Tower (MIT, 2012) 
 
2.6.2 .3 Parabolic Dish 
 
This system consist of stand-alone parabolic dishes, which focus sunlight onto a focal point, 
which can either hold a collector, which holds a carrier fluid, or a Stirling engine, which 
would generate electricity directly. Parabolic dish systems are known for their very high 
efficiencies in converting solar power to electricity. 
 
31 
 
 
Figure 2. 11: Parabolic Dish (MIT, 2012) 
 
This research would however concentrate on the flat plate designs. The solar photovoltaic 
module would be used as a flat plate collector and as such the models followed would be 
similar to those for the flat plate collectors. Flat plate collectors utilise global radiation, that is 
both direct and diffuse radiation as to compared to concentrating systems. 
 
2.6.3 Flat Plate Collectors 
 
Simple flat plate collectors (FP) with a glass cover have been noted to have a working 
temperature in the range of 30-80˚C. The flat-plate collector consists of the collector box, the 
absorber, heat insulation and transparent cover as shown in Figure 2.12.  
 
Figure 2. 12: Flat plate collector. 
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Radiation falls onto the glass and passes through to the absorber where the radiation is 
absorbed and transferred to the water through the copper tubes. 
 
2.6.3.1 Principle of operation of flat plate Collector 
 
Figure 2.13  illustrates what happens to the radiation when it gets to the collector. The solar 
radiation penetrates the glass cover and passes on to the absorber where it is absorbed and 
then transferred to the fluid that circulates in the tubes. Through the thermosyphon effect the 
fluid is then transferred to the storage tank and the cold water in the storage tank replaces the 
transferred water in the collector. Insulation on the sides and backside of the box container is 
meant to prevent heat losses through conduction. The main heat losses are through radiation 
and convection from the top surface. The glass cover has been found to reduce these losses 
by reflecting back long waves that would have been generated from short waves that 
managed to pass through the glass and impinge on the absorber. Figure 2.13 illustrates the 
energy balance in a solar thermal collector (Soltrain, 2009). 
 
 
Figure 2. 13: Energy balance on a solar thermal collector (After Soltrain, 2009). 
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Losses due to reflection depend on the angle of incidence, the number of glass covers, and 
their refractive index, whereas the transmission losses are determined by the light 
transparency of the material.  
 
2.6.4 Energy Balance 
 
A flat plate collector consists of the glass, absorber and insulation. A photovoltaic module 
also consists of photovoltaic cells encapsulated between a weather proof covering, usually a 
glass and a back plate usually an insulator eva (ethyl vinyl acetate) or tedlar. Just like in 
Figure 2.13 the incoming radiation has undergone reflection on plane of glass, reflection on 
absorber (cells) and part of it is absorbed. From the absorbed radiation the PV cells use it to 
generate electricity. The photon energy needs to be at least equal or more than the bandgap 
energy ∆Eg of the semiconductor (1.1eV for the crystalline silicon). Photons with energy 
slightly above ∆Eg are partly absorbed by the PV cells and they will generate an electron hole 
pair per photon. The excess energy will be transferred in the form of heat to the module. It is 
not all the wavelengths that generate electricity. Some of the wavelengths with energy less 
than ∆Eg will just pass through the PV cells and get absorbed by water, contributing towards 
the thermal energy. The solar cells must have a high absorption coefficient. The infrared 
produced by the solar cells gets reflected back by the glass causing greenhouse effect in the 
module. The flow of heat to the back of the module passes through several thermal 
resistances causing a heating effect at the back of the module. 
 
The energy balance of the photovoltaic module used as a solar thermal collector would follow 
the relationship in equation (2.1) (Cengel and Boles, 2007). 
 
                          (2.1) 
Qtotal is the total energy falling on the module given by equation (2.2) 
                   (2.2) 
where: A is the surface area of the module and 
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G is the irradiance (W/m
2
) of the sun.  
A is also known as an aperture (an opening where the solar irradiance falls).  
 
Qgain is the total thermal energy gained given by: 
                    (2.3) 
Where:   is the absorption factor of the silicon cells,   is the transmittance of glass, eva, 
tedlar all combined. 
      is the heat loss from the module through convection, radiation and reflection and 
the relationship is given as: 
          (               )       (2.4) 
where:  U is the overall heat loss coefficient of the module and 
   is the effective plate area. 
It should be noted that the energy reaching the module’s absorber is affected by losses due to 
reflection on the glass, transmission capability of solar radiation passing through all 
transparent cover material and its absorption coefficient. If water is used as a coolant, it takes 
away heat from the module, and then heat loss from the module to the surrounding areas is 
reduced. If not much heat is removed then there will be heat accumulation of the photovoltaic 
cells impacting negatively on its efficiency. 
 
2.6.4.1 Heat loss due to convection 
 
The heat losses due to convection are determined from the following equation (Cengel and 
Boles, 2007): 
 ̇       (     ) (W)        (2.5) 
where:  ̇    is the heat loss due to convection (W) 
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   is the convective heat transfer coefficient (W/ m
2
K) 
   is the surface area of the collector (m
2
) 
   is the average plate temperature (K) 
   is the ambient temperature (K) 
 
The convective processes will take place between the glass surface cover and the ambient. 
Wind also increases the heat transfer coefficient on the cover sheet. 
 
2.6.4.2 Heat Loss due to Radiation 
 
This comes about when the collector is at a higher temperature as compared to the ambient 
temperature. The heat loss follows the following equation (Cengel and Boles, 2007): 
 
 ̇             (  
      
 ) (W)       (2.6) 
where:   is the emissivity of the absorbing material (solar cells) 
  is the Stefan Boltzmann constant (5.67 x 10- 8 W/m2 K4) and 
Tsky is the equivalent black body temperature of the sky. 
 
Usually low emissivity goes with low absorptance and the opposite is true. Convection losses 
depend on the surface area and the smaller the surface area, the lower the convection losses. 
The sky temperature depends on the air density and moisture content, hence on the sea level 
where the relative humidity is high, the sky temperature is assumed to be equivalent to 
ambient temperature. At high altitudes where relative humidity is low, the sky radiation 
temperature can be 6 to 8
o
C less than ambient temperature.  
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2.6.4.3 Heat Loss due to conduction 
 
This depends on the thermal conductivity of the material, its thickness as well as the cross-
sectional area (Cengel and Boles, 2007): 
 ̇        (     ) (W)        (2.7) 
where: k is thermal conductivity of material. 
∆x is thickness of conducting material and  
The other terms have same meaning as mentioned above 
 
Conduction losses are usually small as compared to convectional and radiation losses. As a 
result the conductive heat loss is incorporated into convectional losses according to the 
relationship: 
 ̇      ̇  (        )           [ 
 (     )    (  
      
 )] (W) (2.8) 
where: 
ρ is the reflectance of the glass,    is combined convection and conduction coefficient (W/m2 
K) and the other terms have their usual meanings defined above. 
The thermal efficiency of the module could therefore be presented by the following equation; 
         
           
      
        (2.9)  
and this relationship gives  the thermal efficiency of the module as : 
            
 (               )
 
       (2.10) 
Because of the coefficient of transmittance    by the glass, ethylene vinyl acetate EVA, 
silicon; EVA; all on the photovoltaic module and   , absorption factor of the silicon solar 
cells, equation (2.10) was reformulated by Hottel-Willier (Duffie and Beckmann, 2006), to 
give equation (2.11). 
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 (                 )
 
       (2.11) 
where:      is called the optical efficiency, 
          is the temperature entering into the cooling box, 
         is the instantaneous efficiency of the module given by; 
         
 ̇  (        )
  
        (2.12) 
where:  ̇ is the mass flow rate of the water in the collector; 
     is the temperature of the water going out from the collector; 
    is the temperature of the water entering the collector and  
   is the specific heat capacity of water equal to 4180J/kg/K 
 
2.6.5 Performance Criteria of solar collectors 
 
Glazed or evacuated collectors are described by the following equation (Duffie and Beckman, 
2006); 
 ̇       (  )                (2.13) 
where:  ̇     is the energy collected per unit collector area per unit time, 
FR is the collector’s heat removal factor, 
τ is the transmittance of the cover, 
α is the shortwave absorptivity of the absorber, 
G is the global incident solar radiation on the collector;  
UL is the overall heat loss coefficient of the collector from the absorber plate to 
ambient, and  
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ΔT is the temperature difference between the heat transfer fluid entering the collector 
and the ambient.  
As shown by the equation (2.13), the energy output from the collector consists of two major 
parts; a gain part,   (  )  and a heat loss part,       . The absorbed radiation is    , 
where τα is the effective solar transmittance-absorptance product and G is the irradiance. To 
reduce heat losses, a thermal blanket may be used in the module and insulators may be 
applied to the pipes. 
 
Typical values for FR (τα) = 0.72 and FR UL = 4.90 (W/m²)/ºC for flat-plate collectors. 
The photovoltaic water heating system will have the solar cells in the module acting as the 
absorber. Since the cells have a very small thickness, this therefore means that in this 
research, the back of the module temperature will be assumed as the cell temperature. 
Therefore the average water temperature would be assumed as the cell temperature. Hence 
from equation (2.13) we can have: 
 ̇       (  )      (     )       (2.14) 
The heat loss coefficient    can be modelled as a linear function of      ; 
        (     )        (2.15) 
 
The overall heat loss coefficient may also be determined from equation (2.13) as a slope of 
the straight line. This coefficient is a constant for the particular collector being modelled. 
Radiation heat loss can be combined with convection and conduction into a single overall 
heat loss coefficient, U1 (W/m
2
K). 
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2.6.5.1 Collector efficiency Curves 
 
From the collector efficiency curves the thermal efficiency of a collector can be determined. 
The solar module in this case will be used as a collector and the relationships used will be 
similar to those of a solar thermal collector. The efficiency of a collector is defined as the 
ratio of the energy transferred from the collector to the heat transfer medium to the total 
energy incident on the collector, see Figure 2.14: 
 
 
Figure 2. 14: Collector efficiency 
 
The collector efficiency is not a constant value but depends on the temperature levels as well 
as wind. According to Duffie and Beckmann, (2006) the overall loss coefficient is given 
as:        (     ) and substituting this into equation (2.14) gives; 
 ̇       (  )  (   (     ))(     )     (2.16) 
The collector efficiency is then formulated and given by the relationship: 
       
(     )
 
   
(     )
 
 
       (2.17) 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 0.05 0.1 0.15
ef
fi
ci
en
cy
 (
η
) 
(Tm-Ta)/G[Km2/W] 
40 
 
where: ηo is maximum efficiency (efficiency at tm = ta), 
a1 linear heat loss coefficient (W/m
2
 K), 
a2 quadratic heat loss coefficient (W/m
2
 K
2
), 
tm average temperature of the heat transfer fluid °C, 
ta ambient temperature °C and 
G incident radiant energy (global radiation) (W/m
2
). 
The highest possible efficiency is achieved when the average temperature of the collector tm 
and the ambient temperature ta are equal (no heat losses to the environment). This point gives 
a maximum efficiency also known as the conversion factor η0. At this point only optical 
losses occur. Considering Figure 2.14, the point where the efficiency equal to zero gives 
stagnation temperature. Stagnation temperature is the highest obtainable absorber temperature 
when there is no output withdrawn. Using the equation 2.17 and ignoring second order effects 
an approximate stagnant temperature is given as: 
      
   
  
          (2.18) 
Since the second order effect has been ignored, the stagnation temperature is usually lower 
than the calculated value. 
The typical efficiency curves for different collector types are shown Figure 2.15: 
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Figure 2. 15: Typical efficiency curves (adapted from Soltrain, 2009). 
 
At the point where the curves cross the y-axis, the maximum efficiency of each collector is 
obtained. It is at this point where the inlet temperature is equivalent to the ambient 
temperature. On the left hand side of the crossover point the uncovered absorber is more 
efficient as compared to the other collectors. On the right side of the crossover point the 
evacuated tube shows higher efficiency levels at higher temperature differences as compared 
to the other collectors. The selective and flat plate collectors’ range of efficiencies is lower 
than that of a vacuum collector and higher than that of an uncovered absorber. 
 
2.6.6 Thermal energy Storage 
 
The storage of energy is necessary if the solar energy is to meet some of the energy needs in a 
household. The right choice and correct dimensioning contribute towards the correct solar 
fraction achieved. By solar fraction we refer to the percentage of the overall load that is 
supplied by the system over a specific period of time e.g. if in a household there is a 120 
litres of hot water and the solar system supplies 60 litres then the solar fraction equals 50%. 
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The energy storage capacity of a water storage unit is given by: 
                  (2.19) 
where: Qs is total heat capacity of the storage tank [J], 
m is mass of the storage tank [kg], 
Cp is heat capacity of water [4180 J/kg/K] and 
ΔT is temperature difference between hot water temperature and cold water 
temperature [K]. 
 
For a thermosyphon effect system, a non-pressurized storage tank is recommended. There are 
three factors that have a major influence on thermo syphon effect namely: 
 Height of the tank above the collector which should be at least 30 cm. 
 Horizontal or vertical position of the tank. 
 Arrangement of connecting pipes, these must be short to prevent loss of heat. 
2.6.7 Electrical Energy Generation 
 
Photovoltaic modules convert sunlight directly to electricity using solar cells and at the same 
time the excess energy from these photons heats up the module. In P-N junction photovoltaic 
solar cells, impinging photons with energy,      , the bandgap may cause electron 
excitation resulting in electron hole pairs. If however, the impinging photons have energy 
      these photons will primarily impart heat to the solar cells. The following section 
reveals how 80 to 85% of incident sunlight is used to heat solar cells and modules. 
 
2.6.7.1 Photoelectric effect 
 
PV cells are PN junctions with P standing for positive type and N, negative type 
semiconductor. N-type is silicon doped with phosphorous and this doping brings about excess 
free electrons, while doping with boron causing a deficiency of electrons hence a P type. 
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Joining the two, P type and n type gives a PN junction and a depletion layer is formed. 
Energy variations across the junction cause a voltage to be generated. Light falling on the p-n 
junction brings about the transfer of energy to some electrons enabling them to cross the p-n 
junction. If an external circuit is connected, the flow of electrons takes place, producing a 
current. 
Photons that reach the interior of the cell and have energy equal to or greater than the band 
gap are absorbed in the bulk of the semiconductor, generating electron hole pairs used as 
carriers of current. Photons with energy below the band gap pass the semiconductor without 
being absorbed and these photons cause the heating on the module. There are basically 
intrinsic and extrinsic transitions.  
Intrinsic transitions occur when: 
      and      ,          (2.20) 
     is energy that is dissipated as heat. 
For extrinsic transitions       this energy will not be able to generate an electron hole pair 
and gets converted to heat energy. Therefore there are two sources of heat for water being: 
      that needs to be dissipated and  
       representing photons that pass through the semiconductor and may be 
absorbed by water and other elements of collector system. 
With photons that have energy greater than the band gap, a certain fraction crosses the device 
without being absorbed. It is this fraction that also contributes towards the generation of heat 
at the back of the module. It is not all the photons that pass through the solar cell; a fraction 
of the photons is reflected on hitting the surface due to differences in refractive indices. 
Reflection and transmission losses can be reduced to zero by using suitable anti-reflection 
coatings and using suitable design. 
 
If a PV module is outdoors, there are several losses that take place on the module and these 
losses impact negatively on the power output of the module. As mentioned earlier on these 
losses include reflection losses; spectral losses, mismatch losses and losses due to the high 
back of module temperatures. Take a look at Figure 2.16 to see the part of irradiation that is 
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reflected on the front side of the PV-modules. The reflection loss also depends on the angle 
of incidence of the irradiation on the module surface (Doble, 2010). 
 
 
Figure 2. 16: Light loss mechanism in PV modules (adapted from Doble, 2010). 
 
At short wavelengths below 400 nm the glass absorbs most of the light and the cell response 
is very low as well as at long wavelengths the spectral response falls back to zero. Therefore, 
the inability to fully utilize the incident energy at high energies (low wavelength), and the 
inability to absorb low energies (high wavelengths) of light represents a significant power 
loss in solar cells consisting of a single p-n junction hence contributing towards spectral 
losses. This tendency is illustrated in a typical response curve for a silicon solar cell shown in 
Figure 2.17. 
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Figure 2. 17: Typical spectral response of silicon solar cells. 
 
As can be noted from Figure 2.17, the spectral response is low below the wavelength of 400 
nm as well as above the wavelength of 1150 nm. 
Mismatch losses also occur and are caused by the interconnection of solar cells with different 
electrical properties or cells experiencing different conditions which could be due to 
temperature differences or shading. If shading is due to trees, these can be removed or 
replanted if small. If it is tree branches that cause shading, then these branches may also be 
cut.  
Under the mismatch condition, a module’s output is determined by the solar cell with the 
lowest output. The power generated by other solar cells gets dissipated by the low performing 
cell and as a result, excessive heating may result on this cell causing hot spots or an 
irreversible damage to the cell and the module. Bypass diodes are used to prevent the 
mismatch effects such as hot spot damage. The bypass diodes are connected in parallel to the 
string of cells. The current generated by other cells bypasses the affected cell (Wenham et al., 
2007).  
  
46 
 
2.6.7.2 Energy balance of photovoltaic cells 
 
An energy balance of a photovoltaic cell is given as: 
          ̇     ̇     (W).       (2.21) 
where: i - electrical current through the cell (amps) and 
v - voltage across the cell (volts). 
The rate of optical radiation incident on the cell  ̇   and the rate of thermal energy  ̇     loss 
from the module have the same meaning as indicated above on thermal analysis. From the 
optical radiation falling on the module, the useful electrical energy produced has been found 
to be in the range 1-25% (Antony et al., 2006). 
The cover sheet is practically used to protect the cells’ electrical contacts from moisture and 
oxygen and at the same time allowing transmittance of light. The heat loss follows the same 
three paths mentioned above namely convection, radiation and conduction. The idea is to 
increase the heat loss from the module. To improve on the heat flow, water is assumed to be a 
better cooling agent as compared to air due to its thermal conductivity which is high 
compared to that of air. 
Following equation (2.21) we will have: 
             [ 
 (     )    (  
      
 )] (W)    (2.22) 
where: Tp is temperature of the cells /plate (K) and 
Ap is surface area of the cells/plate (m
2
). 
As indicated above, the fraction of useful energy that can be converted from the incident 
optical radiation or Qgain to electricity has been noted to range from 1-25%. This implies the 
rest of the remaining 75% to 99% of the useful power will be converted to thermal energy.  
From the useful energy gain by the module, part of it will heat the module and the other part 
generates electricity. Adding the appropriate useful energy terms the following equations 
would be used: 
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  (     )
  
 and,         (2.23) 
    
  
  
          (2.24) 
Equations 2.23 and 2.24 would then give the overall energy saving efficiency of the system 
according to equation 2.25 (Huang et al., 2001). 
    
   
    
     
  (     )
  
 
  
      
      (2.25) 
Where 0.38 is the electric efficiency of a thermal power station used to give the energy 
saving efficiency of the PV/T system, and the other terms have their meanings as defined 
earlier on. 
 
2.6.7.3 Technology of PV Cells 
 
Mainly the technology consists of two types, being crystalline silicon (C-Si) and thin film. 
Crystalline silicon modules are subdivided into two main categories being mono-crystalline 
(m-Si) and multi-crystalline (mc-Si) also known as polycrystalline and these as mentioned 
above represent 85-90% of the PV market. Thin films are subdivided into three divisions 
namely: amorphous (a-Si), Cadmium-Telluride (CdTe), Copper-Indium-Diselenide (CIS) and 
Copper-Indium-Gallium-Diselenide (CIGS) and these account for the remaining PV market 
of 10% to 15%. 
 
Different types of solar cells respond differently to the solar spectrum and thus some have 
high efficiency while others have low efficiency. Monocrystalline Silicone cells (m-si) are on 
the top of the range with an efficiency in the range of (13%-17%), highest efficiency of 
commercial cells, followed by Polycrystalline silicon cells (p-si) with a range of (11%-15%), 
Copper-indium/Gallium-Diselenid cells (CI/GS), Cadmium-Tellurid (CdTe) and lastly 
Armophous Silicon cells (a-si). All these respond differently to the solar spectrum. Figure 
2.18 shows the response of these solar cells to solar spectrum. 
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Figure 2. 18: Solar spectrum response of different types of solar cells ( Renac, 2008). 
 
From Figure 2.18 it can be seen that the crystalline silicon cell accommodates almost the 
whole visible spectrum. Crystalline silicon modules have also been found to control a larger 
share in the market meaning greater application (IEA, 2010).  
 
2.6.8 One diode model of PV Cells 
 
The PV cells may be represented by the schematic diagram in Figure 2.19 representing a one 
diode model of a photovoltaic cell. 
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Figure 2. 19: Equivalent circuit diagram of a PV cell. 
 
The current I is given by the following relationship: 
        ( 
(     )
     )  
(     )
   
       (2.26) 
where: Iph is the photocurrent, 
Io is the diode saturation current, 
Rsh is the shunt resistance, 
Rs is the series resistance, 
k is the Boltzmann constant= 1.381x10
-23
 J/K and 
m is the  ideality factor ≈ 1. 
The standard model I/V characteristic of a solar cell or module shown in Figure 2.20 gives 
five important parameters of a PV module that can be determined from the I/V 
characteristics.  
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Figure 2. 20: Photovoltaic Simulation (PVSIM) software generated I/V characteristic of  
cell at STC (King, 1996). 
 
Figure 2.20 shows important parameters used in characterising solar cells and these 
parameters are short-circuit current (ISC), the open-circuit voltage (VOC), Shunt resistance 
(Rsh), Series resistance (Rs), maximum current (Ip), maximum voltage (Vm ) and the fill factor 
(FF). The efficiency (η) of the module is determined from the IV curve. The short circuit 
current (Isc) is the maximum current through the solar cell when the voltage across the solar 
cell is zero. The open-circuit voltage (Voc) is the maximum voltage available from a solar cell, 
and this occurs at zero current. The fill factor (FF) is defined as the ratio of the product of 
peak voltage and peak current over the product of open circuit voltage and short circuit 
current. Good practical solar cells have a fill factor above 70 (Stone, 2011). 
The open circuit voltage (Voc) of the solar cell can be derived from equation (2.26) and is 
given in equation (2.27) (Meyer, 2002): 
    
   
 
   (   )     (  )          (2.27) 
where: n is non- ideal quality factor ranging between 1 and 2, 
51 
 
k is Boltzman constant = 1.38066 x10
-23
 J/K, 
T is Temperature in kelvin = 298K and 
q is charge = 1.60219 x10
-19
 C. 
 
From equation (2.23), a graph of Voc vs ln(Isc) would enable the determination of n and Io. 
Equation (2.23) is in the form of a straight line equation and 
   
 
 Is the gradient of the graph 
while 
   
 
   (  ) Is the point of intercept. 
 
All the above mentioned three parameters are affected by the cell temperature; a high cell 
temperature reduces the open circuit voltage, slightly increases the short circuit current, and 
reduces the fill factor as well as the power output. 
 
Maximum power point tracking (MPPT) is a maximum power point where the maximum 
potential of the solar panel is achieved. There are electronic devices used to pick this 
maximum point from the module and these are called maximum power point trackers 
(MPPT). They have an algorithm that enables the tracking and this is usually found on charge 
controllers. Such charge controllers are used to ensure that the modules are operating close to 
their peak power point.  
The power output of the module is the product of the two variables, voltage and current. The 
voltage and current produced by the module always vary depending on the irradiance and 
temperature of the module. As a result the output power also varies. The efficiency of the 
module decreases with temperature hence there is a need for it to be cooled so as to operate at 
optimum levels. 
The performance characteristics of a photovoltaic module depend on its basic materials, 
technology used to manufacture the cells and operating conditions. Figures 2.21 and 2.22 
show PVSIM simulated general characteristics of a module when exposed to different 
irradiance and different back of module temperatures (King et al., 1996). 
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Figure 2. 21: I/V characteristic of a module 
at different irradiance levels. 
 
 
Figure 2. 22: I/V characteristic of a module 
at different temperature levels. 
 
Three points of particular interest in these curves are: 
 Short circuit current (Isc) - this is the point where the current is at its maximum and 
the voltage of the module is zero. 
 Maximum power point (MPP)- the point where the product of current and voltage has 
its maximum value. 
 Open circuit voltage (Voc) - where the voltage has its maximum value and the current 
is zero.  
From the characteristic curves of the module, it can be noted that the open circuit voltage of 
the photovoltaic module which is the point of intersection of the curve with the horizontal 
axis, varies slightly with temperature as shown in equation 2.27. A rise in temperature causes 
a slight increase in current, a decrease in output voltage and a decrease in maximum power 
output as shown in equations 2.28; 2.29 and 2.30 respectively (Wenham et al., 2007):  
 
   
    
  
                    (2.28) 
where:  Isc is the short circuit current; 
 dIsc is the change in short circuit current and 
 dT is change in temperature; 
    
  
  
   
  
 
  
   
 
    
  
                (2.29) 
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The effect of temperature on maximum power output is: 
 
   
    
  
   (           )          (2.30) 
The electrical power output of the module is proportional to the amount of solar radiation 
falling on it.  
The fill factor (FF) of a photovoltaic generator is defined as the ratio of output power at MPP 
to the power computed by multiplying Voc by Isc. It is a measure of how far the I‑V 
characteristics of an actual PV cell differ from those of an ideal cell. The factors which affect 
the fill factor are the series and shunt resistances of the photovoltaic generator. Figures 2.23 
shows how the fill factor of a cell is changed by variations in series resistance (King et al., 
1996). 
 
Figure 2. 23: Effect of increase in series resistance on FF.( King et al., 1996). 
 
The series resistance is due to the bulky resistance of the semiconductor, the metallic contacts 
interconnecting the cells and the resistances of the metal fingers. From the corresponding 
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curves it can be noted that the fill factor keeps on decreasing due to the increase in series 
resistance. The effect of shunt resistance is shown in Figure 2.24; 
 
Figure 2. 24 : Effect of decrease in shunt resistance on fill factor. 
 
The shunt resistance is due to PN junction and impurities across the junction. As shown in 
Figure 2.24, increase in shunt resistance causes the reduction of fill factor (FF). 
The equation defining the fill factor is given as: 
   
        
      
         (2.31) 
where: Imax is the current at the maximum power output (A), 
Vmax is the voltage at the maximum power output (V), 
Isc is the short-circuit current (A) and 
Voc is the open-circuit voltage (V). 
The ideal solar cell has a fill factor equal to one (1) but losses from the series and shunt 
resistance decrease the efficiency. The photovoltaic generator degrades with age; its series 
resistance tends to increase resulting in a lower fill factor. 
Another important parameter is the efficiency (η) of the cell;  
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2.6.8.1 Efficiency of a cell 
 
The efficiency of a cell is defined as the ratio of energy output of the solar cell to input 
energy from the sun. The efficiency of PV cell depends on the spectrum and intensity of the 
incident sunlight and the temperature of the solar cell. The efficiency of a solar cell is 
determined as the fraction of incident power which is converted to electricity and is defined 
as: 
  
    
   
          (2.32) 
where: 
                
                 , 
Therefore the efficiency of the cell is: 
  
          
   
          (2.33) 
In general, the cell or module conversion efficiency is given as: 
  
        
  
          (2.34) 
Conversion efficiency can be reduced by shading as shown earlier on and as such, it should 
be avoided always. If it cannot be avoided, then a configuration that would reduce the output 
should be followed. If a cell is shaded it acts like an ohmic resistor and this may eventually 
become a hot spot if there are no bypass diodes. Figure 2.25 below shows the I/V 
characteristic of a module with and without by-pass diodes (Schubert, 2008). 
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Figure 2. 25: Characteristic of a module with and without shading (Renac, 2008). 
 
Shading causes the cells to have an increased resistance hence less current generated and if in 
circuit, the shaded cell acts like a blocking diode. The diode is then subjected to a voltage 
which is the sum of the voltages of the other cells connected in series. This voltage will be 
higher than the breakdown voltage of the diode and if the cell breaks down, it gets extremely 
hot and can cause hot spots which in turn could damage the module.  Also dirt can bring 
about shading to the module hence the need to keep the module cleaned. If it is a tree that cast 
a shadow on the module, the best way to avoid the shadow is to cut or replant the tree. 
Alternatively, a module can be placed in such a way that the shading effect will be 
minimised. 
 
2.6.8.2 Effect of Temperature on a cell/ module 
 
Solar cells are sensitive to temperature variations. Increase in back of module temperature 
reduces the band gap of a semiconductor, thereby affecting most of the semiconductor 
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material parameters. The decrease in the band gap of a semiconductor means less energy is 
therefore needed to generate electron hole pair. This causes a slight increase in short circuit 
current when the cell temperature increases. 
In general, the efficiency of a module depends on temperature; short circuit current is not 
strongly affected by the temperature but, only the open circuit voltage (   ) and fill factor 
(FF). Short circuit current has been noted to increase by 0.006A/°C. Also open circuit losses 
due to recombination have been noted to contribute towards reduction in efficiency of the 
modules. It is therefore recommended that the module is connected to a load while 
experimenting so as to utilize the generated electrons. Intensity level (irradiance) and spectral 
distribution have also been noted as contributors to the efficiency of a module. Spectral 
distribution in the morning and in the afternoon is different and this impacts on the efficiency 
of solar modules. The spectral effects on the module will be investigated in the research. 
Direct back of module cooling using water was investigated and the results are given in the 
next chapters. 
 
Improvement of efficiency on the modules is important as this would mean more power 
production. With more power produced this would mean fewer system failures. Many 
systems have been found to fail due to a combination of factors that include less power 
production and mostly caused by high module temperatures. Improvement in operation of 
modules could improve the confidence people have on the photovoltaic technology. Also 
there is a higher likelihood that this may impact positively on the electricity savings thus 
lowering electricity bills. 
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2.6.9 PV Module price per Watt 
 
PV modules have been getting cheaper each year due to competition from many 
manufacturers getting involved in production of the modules and also due to the 
improvement in the production processes. This trend seems to be continuing as illustrated by 
the graph in Figure 2.26 (Solarbuzz, 2012).  
 
 
Figure 2. 26: Module price per watt peak (Adapted from Solarbuzz, 2012). 
 
As shown in Figure 2.26 solar module prices per watt have been decreasing for the period 
2001 to 2012. The price per watt was close to US$2.30 in March 2012. 
This reduction in prices per watt means that future photovoltaic installations would have a 
very short payback period. More installations are likely to be installed. Worldwide, new 
products are being developed and tested. Improved performance of modules is expected from 
ongoing researches. This research also tries to address the improvement of efficiency of the 
modules. Introducing a solar thermal energy collection on the module may further reduce the 
payback period.  
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2.7  RENEWABLE ENERGY REGULATIONS IN SOUTH AFRICA 
 
There have been two phases of renewable energy feed-in tariffs (REFIT) in South Africa. The 
policy was put in place to try and have players in generating power using renewable energy 
sources in the country. From the comparisons made between the refit figures from other 
countries, South Africa’s refit system appeared to be overgenerous hence the introduction of 
the Integrated Resource Plan for Electricity 2010-2030 plan (IRP 2010-2030). 
This move was meant to accommodate the independent producers (IPP). The plan brought 
about the tender process for procurement of generation capacity. Initially the tender process 
procurement was limited to 1025 MW and then later on increased in year 2011 to 3725 MW. 
The Department of Energy South Africa (DoE) also released the allocation of various 
renewable energy technologies according to the following amounts: 1850 MW of onshore 
wind; 1450 MW for solar photovoltaic solutions; 200 MW of concentrated solar power 
(CSP); 12.5 MW of biomass and biogas respectively; 25 MW for landfill gas capacity; 75 
MW of small hydro power and a further 100 MW for small scale IPP projects of less than 5 
MW. In total, the investment is expected to total more than R100 billion.   
According to the IRP2010-2030 plan, DoE, 2011, 17800 MW of renewable energy capacity 
is expected to be developed between 2010 and 2030 with wind and solar photovoltaic 
expected to deliver 8400 MW of capacity each and concentrated solar thermal expected to 
contribute 1000 MW. Reviews of the production capacities would be reviewed every two 
years and this was expected to stimulate the renewable energy industry in South Africa. 
According to the bidding process, the bidders are required to bid a tariff while at the same 
time meeting the identified socio economic development objectives. If a bid is accepted then 
the tariff would be payable by the buyer who in this case would be ESKOM. A power 
purchase agreement (PPA) should be entered into between the buyer (ESKOM) and the IPP 
and the energy regulator South Africa (NERSA) would facilitate the conclusion of such 
contracts. The terms of any PPA would remain at 20 years. 
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2.8  PHOTOVOLTAIC THERMAL SYSTEM REVIEW 
 
Many research institutions and companies have looked into photovoltaic thermal systems. Air 
type and water type systems have been researched on and evaluated. From around 1950s, 
photovoltaic cells were being produced but they were very expensive and the first 
photovoltaic thermal systems were started off around 1970s (Zondag, 2008). Massachusetts 
Institute of Technology (MIT) carried out investigations on the photovoltaic thermal systems 
around 1978 and found that silicon module could provide electrical efficiency of 6% while 
thermal efficiency was found to be 40%, implying a 46% utilization of the solar resource 
(Zondag, 2008). Due to high solar module prices then, the studies on PV were low. However 
solar modules have been getting cheaper each year because of many manufacturers involved 
in their production. 
Air cooled photovoltaic thermal systems allow air to flow underneath the PV module and in 
the process air takes away the heat from the module hence cooling it. In the mid-1990s 
earnest work began in different parts of the world resulting in developments of different 
prototypes. In response to this the International Energy Agency (IEA) initiated the task 35 
photovoltaic thermal (PV/T) system. The objective of the agency was to develop and market 
commercially the PV/T solar systems (IEA, 2005).  This led to the development of the PV/T 
systems installed at the Beijing Olympic village and John Madison school of Business in 
Canada. The systems made use of Solar Wall technology and combined PV with air heating 
see Figure 2.27 (Bosanac et al., 2003).  
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Figure 2. 27: The Canadian solar wall (Bosanac et al., 2003). 
 
Solar wall is a technology that is used to preheat the ventilation air required in an industrial 
and commercial set up. It has been found to offset the heating load by between 20% and 50% 
thus offering energy and carbon dioxide reductions (Solar-wall Technology, 2012). More 
work on the air PV / T was carried out in the 1990s and commercial companies like an Israel 
company Chromagen produced a PV/T system that could produce a daily thermal output of 
1.5 kWh/m
2
 heat and 0.4 -0.8 kWh/m
2
.  
 
Several researches were later carried out on air cooled PV/T systems. These included the 
work of the likes of Chow who gave different types of longitudinal cross-sections of some 
common air-type PVT collector configurations shown in Figure 2.28 (Chow, 2010). 
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Figure 2. 28: Longitudinal cross-sections of some common air type PVT collector 
configurations (Chow, 2010). 
 
Liquid cooling also underwent extensive research. It either involved use of water or glycol as 
a cooling medium. A liquid has a higher heat capacity as compared to air and has a better 
cooling effect. The process of cooling using water or glycol involves the use of copper or 
conductive pipes embedded underneath the module. The pipes carry the heated water to a 
storage tank and in turn this is replaced by cooler water from the storage tank. This process 
can take place through natural means, known as thermosyphon effect or through forceful 
means, whereby a pump is used to force the flow of water in the system. The cooling of the 
modules takes place in the process. 
 
Keeping the PV modules cool enables them to operate optimally. As has been indicated 
above, the power generated by the panels decrease with temperature. Cooling using forced air 
could bring about additional cost and maintenance requirements. Naturally cooling takes 
place through natural convection. Generally the PV modules are constructed in such a way as 
to allow air flow under the panels. However, the back of module temperatures increases to 
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around 70°C. This shows that though PV designs have been put in place to enhance cooling, 
more needs to be done to improve on their cooling.   
 
2.9 CONCLUSION 
 
This chapter considered the thermal and electrical aspects of the photovoltaic water heating 
system. Thermal and electrical models for the system were also considered as these help in 
understanding the energy processing of the system. Typical responses of different types of 
PV cells to the irradiance falling on them were also discussed.  
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CHAPTER 3  
 
METHODOLOGY 
 
3.1  INTRODUCTION 
 
The aim of this study was to design, implement and evaluate a directly water cooled 
photovoltaic thermal hybrid system. This chapter mainly focuses on research design subjects, 
instruments and methods that were used to collect data. Two polycrystalline photovoltaic 
modules (PV) were used in this study.  
 
3.2  THE PHOTOVOLTAIC MODULES 
 
The two photovoltaic modules used in the study were SW80 Poly/RIA type. They are 
polycrystalline-si technologies with 36 cells connected in series. Their name plate ratings at 
STC conditions (1000 W/m
2
, 25°C cell temperature and AM1.5 global spectrum) are as cited 
in Table 3.1 (SW80, 2009).  
Table 3. 1: The SW80 Poly/RIA corresponding STC and NOCT values. 
Performance under  
standard test conditions (STC) 
STC 
Rated 
Performance at 800 W/m
2
, 
NOCT Rated, AM 1.5 at 45°C 
STC Power Rating Pmp (W) 80.00 57.30 
Open circuit voltage Voc (V) 21.50 19.40 
Short Circuit currency Isc  (A) 4.82 3.98 
Peak Current Imax (A) 4.48 3.57 
Peak Voltage Vmax (V) 17.90 16.10 
Efficiency η % 11.13 9.97 
Aperture Area (m
2
) 1.06x0.68 
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The module’s short circuit current temperature coefficient was 0.034 %/°C and open circuit 
voltage temperature coefficient was given as -0.34%/°C (SW80, 2009). These coefficients 
were measured and compared in the following chapters. 
PV modules are normally marketed based on their STC values. These values give the 
module’s performance rating (Koyanagi and Kurokawa, 2006). The picture of the SW80 
module before outdoor exposure was as shown in Figure 3.1; 
 
 
Figure 3. 1: The picture of the SW80 module before outdoor exposure. 
 
3.3  THE PHOTOVOLTAIC THERMAL SYSTEM 
 
The system developed in this study differs slightly from the usual channel or tube riser types. 
Both the channel type and the tube risers as mentioned in chapter two, involve the use of a 
metal plate absorber onto which risers are soldered on. The system used in this study made 
use of a perspex box container that was flooded with a water coolant through the channels. 
Figure 3.2 shows the front of the PV panel, while Figure 3.3 shows the channeling on the 
back of the module. 
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Figure 3. 2: Front part and edge sealing of a PV water collector module. 
 
 
Figure 3. 3: Back part of the module showing the jacket, channelling and the sealing. 
Channelling 
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Perspex is a good insulator and was used to reduce heat losses from the module. Perspex was 
chosen because of its low weight and poor thermal conductivity. In as much as we wanted to 
take away the heat from the module we still need warm water for other chores in a household, 
hence the use of perspex. The channeling was put in place to allow the flow of water to the 
storage tank and in the process providing a cooling effect to the cells. The forces acting on 
the module when filled with water were as shown in Figure 3.4. 
 
 
Figure 3. 4: Forces acting on the cells. 
 
According to information from the SA Perspex company, temperatures of 145
°
C to 165
°
C 
were found to be sufficient enough to make perspex to be rubber like (PSA, 2011). Also it 
was noted that provided the temperature of the perspex or water in the box container did not 
rise above 80
°
C, the shape of the perspex would remain stable indefinitely. The back of 
module temperatures when placed outdoors have been found to rise to around 50-70
°
C (Van 
Dyk et al., 2005 and Gxasheka et al., 2005). The perspex was found to be able to contain such 
temperature levels and an allowance of 5 mm per running metre was allowed in all 
dimensions during installation to accommodate expansion when temperatures rises. Sikaflex 
sealant was used to seal for leakages on the box container. Sikaflex adheres to pvc, zink, 
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aluminium, marble, wood etc. It is also resistant to shock, vibration and temperature changes, 
(PSA, 2011). The photovoltaic thermal system (PVT) is shown as M2 and the control module 
as M1 in Figure 3.5. 
 
 
Figure 3. 5: Naturally and water cooled photovoltaic modules. 
 
Modules M1 and M2 shown in Figure 3.5 are polycrystalline silicon photovoltaic modules, 
product SW80 manufactured by Solarworld, a German company. M1 is the module without a 
water container at the back, while M2 is the module with a water container fixed at the back. 
Module M2 was used as the photovoltaic thermal system (PVT) designed at the institution. 
 
As solar energy impinges on the PV thermal system (M2), the PV cells selectively absorb 
wavelengths of energy equal or greater the cells bandgap. The remaining wavelengths may 
directly heat water found at the back of the module. Furthermore if the frequency f˃ Eg/h, the 
PV cells tend to heat up due to this excess energy. Heat exchange with water will take place 
Anemometer Pyranometer Storage Tank 
Module M2 
Module M1 
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because water is in direct contact with the back of the module. Once the heated water 
becomes less dense, it rises up to the storage tank through thermosyphon effect. This warm 
water is in turn replaced with dense cold water from the bottom of the storage tank. The cycle 
continues as long as there is the sun and this continues providing the needed cooling effect.  
 
The storage tank is placed above the collector at a height of at least 30cm above the collector 
outlet to allow thermosyphon effect (Oslon, 2001). The tank had a storage capacity of 80 
litres. The collector inlet (at the bottom of the collector) is connected to the bottom of the 
storage tank while the collector outlet (at the top of the collector) is connected to the top part 
of the storage tank. As long as the irradiance continues to fall onto the module, water in the 
collector will continuously get heated. A circulation loop is set up, in which warm water 
flows continuously up to the storage tank from the collector, and then colder water back into 
the collector from the bottom of the storage. When the temperature of water in the storage 
tank equals that at the back of the module then thermosyphoning effect stops, no more fluid 
moves. The system would have attained its stagnation temperature. This temperature is a 
critical design parameter for solar thermal collectors and can be applied to the photovoltaic 
water heating system.  
 
3.4  DATA ACQUISITION SYSTEM (DAS) 
 
The DAS were used to monitor both meteorological and system performance parameters. 
Figure 3.6 shows the schematic diagram of a photovoltaic thermal system (PVT) installed on 
the PV test rig at the University of Fort Hare (UFH) located at a latitude of 32.8°S. 
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Figure 3. 6: Schematic diagram of the PVT system with data acquisition system. 
 
The water circulation is all by natural forces hence pumps are not needed. The control is 
automatic hence no need for controllers. Type K thermocouples were used to measure back 
of module temperatures, inlet and outlet water temperatures. These temperatures were 
measured on both, the collector and storage tank. 
 
As indicated in the schematic diagram, the connections from type K thermocouples, 
pyranometer, and anemometer are all connected to the data logger. The current generated 
from the module, current to the load, voltage across the modules and those across the loads as 
well as that across the batteries are all recorded across the charge controllers. Electrical 
connections from the PV modules are also connected in parallel to the I/V tracer through the 
use of relays, see Figure 3.7 showing the low cost I/V tracer. 
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Figure 3. 7:I-V tracer and DAS. 
 
An I/V tester built at the University of Fort Hare was modified to measure the I/V 
characteristic of the two modules M1 and M2. With the aid of relays, the normally connected 
parts of relays were connected to the charge controller to enable battery charging when the 
I/V measurements were not being taken. The normally open leg would only get connected 
when I/V measurements were being taken, see a schematic diagram of the PV/T system in 
Figure 3.6. 
 
A data-acquisition system comprising a high precision PCI- 6228 A/D card from National 
Instruments (NI) was used in the I/V tracer. The A/D card was used to convert the analogue 
signals from the current transducers and voltage transducers to digital signals. From this card 
digital signals were also produced and these were used to trigger the relays for the connection 
change over from normally connected to normally open. This changeover was meant to 
enable I/V characteristics measurements. This changeover on relays was achieved through the 
use of power MOSFETS see the component's layout in Figure 3.8 (Simon, 2009). 
DAS 
Components used in the 
I/V tracer 
PSU 
PSU 
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Figure 3. 8: Components used in the I-V system (After Simon, 2009). 
A digital signal of 5 V on high, or 0 V on low are obtained from the PCI card. A high of 5 V 
would switch on the relay and a low would in turn switch it off through the gate source 
voltage applied to a MOSFET. Since MOSFETS cannot handle high current, their switching 
on and off enables the switched on relay to handle the high current from the module. 
 
Through Labview software programme, a PV module is selected first through a relay 
connection and then a signal is sent to an analogue channel. This will output a signal in the 
range 0-10 V in steps of 0.5 V. This signal is in turn connected to the programmable power 
supply unit (PSU) input channel through the signal isolator and steps the PSU voltage. The 0-
10 V output is scaled up to 0-30 V output. The output voltage from the PSU is in turn 
interfaced with the main unit of the I/V tester for a full I/Vcurve data plot. Once a module is 
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done, the process is repeated for the next module. The measurements were meant to be 
carried out every 30 minutes. 
 
Subsequent sections describe the other several instruments which were used in the data 
collection. 
3.4.1  Data logger 
 
A data-taker data logger (DT80) was used to log temperatures at the back of the modules, 
flow rate of water, wind speed and irradiance. In the study, type K thermocouples were used 
for temperature measurements at the back of the modules and at the inlet and outlet of the 
box container as well as the inlet point to the storage tank. Figure 3.9 shows the data loggers 
used in the research. 
 
 
Figure 3. 9: Datataker datalogger DT80 and Maximum Power Point Tracking (MPPT) 
charge controllers. 
Datataker data logger MPPT charge controllers Transducers cabling 
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The dataTaker DT80 data logger has several features that include the following: Web 
Interface capabilities, Up to 15 Analogue (± 30V) sensor inputs, Expandable to 300 analogue 
inputs, 12 Flexible Digital channels and can record several measurements that include the 
temperature, voltage, current and frequency. The dataTaker DT80’s Dual Channel concept 
allows up to 10 isolated or 15 common referenced analogue inputs to be used in many 
combinations. 
 
3.4.2  Light intensity measurements 
 
The solar irradiance was measured in the plane of the module using a SOZ-03 reference cell 
(ISO9060), Figure 3.10 illustrates the crystalline reference cell (SOZ-03 , 2011). 
 
 
Figure 3. 10: SOZ-03 Pyranometer (Soz-03 technical data, 2011). 
 
The SOZ-03 pyranometer consists of a mono-crystalline silicon cell (50 x 50 mm ²) with 
special solar glass. The pyranometer is laminated, hence high UV-resistance and long-term 
stability. 
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The SOZ-03 also consists of an optional integrated signal amplifier (output 0-10 V) and / or 
temperature sensor (Pt100 or Pt1000). These are used on the PVPM system to benchmark PV 
modules. The accuracy of the SOZ-03 is ±5%. 
 
3.4.3  The Anemometer 
 
The wind monitor used was model 05103V shown in Figure 3.11 (Young, 2001). The wind 
monitor could measure horizontal wind speed and direction. The instrument could 
accommodate an input voltage in the range 8-24VDC (5mA @12VDC). 
 
 
Figure 3. 11: Model 05103 Wind monitor (Young, 2001). 
 
The propeller rotation produces an AC sine wave signal with frequency proportional to wind 
speed. The internal circuitry of the anemometer then converts the signal to a linear voltage 
output. This voltage signal is then logged onto the data logger. The vane position giving the 
direction of the wind is sensed by a 10 kΩ precision conductive plastic potentiometer. The 
signal is also converted into a voltage output. 
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The calibration formulae used are: 
Wind speed (m/s) = mV x 0.05       (3.1) 
Wind speed uncertainty ±0.3 m/s (0.6 mph) or 1% of reading.  
 
Wind direction (degrees) =mV x 0.36      (3.2) 
Wind Direction uncertainty: ±3°. 
 
The values 0.05 and 0.36 are manufacturer given conversion factors. 
 
The following were logged on the data logger  
 Output reference 
 Wind speed voltage output 
 Wind direction voltage output 
 
3.4.4  The SunSaver MPPT Charge Controller 
 
The charge controller had a maximum power point tracking ability enabling it to maximize 
on the energy harvest from the solar photovoltaic module. The controller could also provide 
load control to prevent over discharge of the battery. The operation of the controller may be 
adjusted by the user via four settings switches or connection to a personal computer. The 
controller was connected to the computer for data logging. The data logged onto the 
computer by the controller, included the following; current to the battery from the module, 
current to the load from the battery, Module voltage, battery voltage, energy (in kWh) from 
the module, and that supplied to the load. Figure 3.9 shows the pictorial view of the charge 
controller. 
 
The logging was done at intervals of 10 minutes every day for the two modules throughout 
the year. This was meant to give or show the differences in the operation of the two modules 
in terms of power output. Two sunsaver charge controllers were used in the study and to each 
a battery of 105Ah was connected. Loads of 25W were connected to each charge controller. 
The electrical load design was in such a way that all the energy generated by the module was 
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fully utilised. This was to ensure that all the energy from the sun responsible for electricity 
generation is not converted to heat.  
 
3.4.5  The PVPM1000C40 
 
The PVPM is an instrument that was used for peak power measurements and current/voltage 
curve tracer measurements for PV modules. The field tests through the use of a PVPM 
enabled the measurements of the I-V-curve of photovoltaic modules. The device can measure 
and calculate the peak power Ppk, the Rs and Rp resistances directly at the place of assembly 
of the PV system. The PVPM automatically measures the I-V-characteristic of the generator 
at a capacitive load. From the measured data the PVPM calculates the effective solar cell 
characteristic, Ppk and Rs. After the measurement the data are stored automatically in a non-
volatile storage in the instrument, PVPM, 2010. The I/V measurements were taken at 
10minutes intervals each day. With I/V characteristics then the efficiency and power output 
of the module were determined. Figure 3.12 shows the picture of a PVPM 1000C40 
instruments. 
 
 
Figure 3. 12: The PVPM 1000C40 Instrument. 
PVPM System 
PVPM switch 
SOZ-03 
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The PVPM had a SOZ-03 pyranometer together with a switch box that worked hand in hand 
to effect measurements. The reliability of this instrument depends on the other 
instrumentation components as well as other instruments such as the SOZ-03. The SOZ-03 
measured irradiance and the PVPM used these values in converting the daily measured 
performance values to STC values. The peak power measurements of the PVPM have an 
accuracy of +/- 5% (PVPM, 2010). The PVPM uses a capacitive load. The principle of 
operation of the capacitive load is based on the fact that initially, the capacitor has no charge 
and as such, the initially current is high and voltage across the capacitor is initially zero, 
however as the capacitor gets charged, the current reduces while the voltage increases. When 
the capacitor voltage equals that of the module, the capacitor gets fully charged and the 
current is reduced to zero. A graph of current and voltage graph is then plotted using the 
corresponding I/V values. The current and voltage values are taken within a second. 
 
3.5  METHOD 
 
The experiment was setup as shown in Figure 3.6 on the PV test rig at the University of Fort 
Hare and fixed at 33°, the angle of latitude of the place. The data acquisition system was 
connected to the system as shown in the schematic diagram in Figure 3.6. The experimental 
set up was put in place for a period of one year, as from the first of September 2011 to the 
end of August 2012. 
An I/V tracer was used for measuring the I/V characteristics of both, the naturally cooled 
module (M1) and the photovoltaic thermal system (PV/Ts) (M2) module. These 
measurements were carried out each day of the month for the whole year from 06h00 to 
18h00 and taken every 30 minutes. The logged data were then stored in the respective 
computer. The datataker data logger was used to log on the wind speed from the anemometer, 
irradiance from the Kipp and Zonen pyranometer, storage tank temperatures and module 
temperatures using type K thermocouples. These were measured and recorded in the data 
logger every ten minutes and statistical averaged for every 30 minutes for each day of the 
year. 
The results were then used in determining the following: 
 Benchmarking of the modules using the PVPM. 
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 Comparative analysis of modules 
 I/V characteristic variations and loss analysis of the modules using the PVPM and the 
low cost I/V tracer assembled at UFH. 
 Performance monitoring of the modules. 
 Economic evaluations of the PVT system and its potential energy contribution to 
energy demand in South Africa. 
 
3.5.1 Benchmarking of the modules 
 
The modules’ performance baselines were determined first so as to see if there are any 
deviations from the original values after a year’s exposure of the module to outdoor 
conditions. To carry out the benchmarking exercise, the current/voltage characteristics of the 
two modules were taken on the first day of exposure on a clear day. The measurements were 
taken around solar noon. A PVPM 1000C40 system was used in these measurements. The 
PVPM uses the principle of capacitive load to measure the I/V characteristics. The irradiance 
was measured in the plane of the module using a SOZ-03 reference cell (ISO9060) (SOZ-03 
technical data, 2012). The irradiance values considered in the benchmarking process ranged 
from 900 to 1030 W/m
2
. The back of module temperatures for the control module M1and 
prototype system module M2 (PV/T) was also measured and used in the determination of the 
baseline of the modules. In the fourth chapter, the baseline determination process is outlined.  
 
3.5.2 Comparative analysis of modules 
 
The PV/Ts, (M2) and the naturally cooled module M1’s electrical efficiency were compared 
together with their operating temperatures on clear sunny days. The power produced as well 
as the modules’ open circuit voltages were analysed in relation to the back of module 
temperatures.  
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3.5.3 I/V characteristic variations and losses analysis of the modules 
 
The electrical energy output of the two modules was analysed together with their daily I/V 
characteristic variations. Mismatches between the modules were also analysed to determine 
the causes.  
 
3.5.4  Performance monitoring of the modules 
 
Performance ratios of the modules were analysed as well as their monthly energy savings and 
solar utilisation.  
 
3.5.5  Economic Analysis 
 
This was used to check if the project could be viable. The payback period of the project was 
determined together with its sensitivity analysis. To determine the payback period, net 
present value (NPV) of the project was determined. The sensitivity analysis was used to 
check what the system was more sensitive to. 
 
3.6  CONCLUSION 
 
This chapter considered the design and methodology followed in the research. The 
instruments and methods used to collect data were also presented. Instruments used included; 
Anemometer for wind speed measurements, PVPM1000C and Low cost I/V tracer for I/V 
characterisation of PV modules, maximum power point tracking (MPPT) charge controller 
system; pyranometer for irradiance measurement, and data-taker data logger for data 
collection. The PV modules used were also noted. The next chapter details the benchmarking 
process. 
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CHAPTER 4  
 
PERFORMANCE BASELINE DETERMINATION 
 
4.1  INTRODUCTION 
 
One of the main problems with PV modules, when operated at elevated temperatures, is the 
loss of power. When operating outdoors, the back of module temperature can rise up to 70°C. 
This impacts negatively on the performance of the module, hence, warrants investigation. If 
modules are placed outdoors, changes in their characteristics may occur, hence, a need to 
benchmark these modules for future comparisons. 
 
Benchmark testing, establishes baseline performance parameters, against which, all future 
measurements can be compared to. The outdoor conditions which include, the irradiance and 
ambient temperatures levels, have been found to vary constantly. These can impact 
permanent changes on the module. 
The light source is very important when one wants to benchmark solar modules. Usually, 
solar simulators are used to achieve this. However, solar simulators are expensive, a full 
spectrum solar simulator cost € 25691.00 (Solar simulator, 2012), and their light spectrum is 
close to that of the sun, but unfortunately not the same. Also, when its light is focused on the 
module, it does not cast uniform light on all the solar cells, hence affecting the predicted 
results. Use of the sun may give better details with regard to benchmarking of modules. The 
sun, spreads uniform light on all cells in the module. In this study, benchmarking was 
achieved by using the PVPM1000C I-V tracer (PVPM datasheet, 2011). The cost of a PVPM 
was €6539.00, costing a lot less, as compared to a full spectrum solar simulator. The PVPM 
may be used for indoor and outdoor measurements. Several benefits of outdoor 
benchmarking of the module may be achieved, and these include the following; 
 No need to send the modules to distant measurement facilities, hence, avoiding 
damages through transit; 
 Good light uniformity over the module and the pyranometer.  
87 
 
As is indicated in the previous chapter, the SW80 Poly/RIA photovoltaic modules (PV) were 
used in this investigation. These are polycrystalline and their name plate ratings at STC 
conditions (1000 W/m
2
, 25°C cell temperature and AM1.5 global spectrum) are as shown in 
Table 4.1 (SW80 manual, 2012).  
 
Table 4. 1: The SW80 Poly/ RIA corresponding STC rated values (SW80 manual, 2012) 
Power (W) 80.00 
Short Circuit current Isc  (A) 4.82 
Open circuit voltage  Vsc  (V) 21.50 
Peak Current  Imax (A) 4.48 
Peak Voltage Vmax (V) 17.90 
Efficiency η % 11.13 
 
PV modules are normally marketed and priced, based on their STC values. The field 
measurements are taken and then normalized to STC levels using equations (4.1) and (4.2) 
(Jacobson et al., 2000). 
     (
        
 
)   (              )     (4.1) 
where:     is normalised current (A) 
 α current temperature coefficient (A/°C) 
   is measured current (A) and 
          measured temperature (°C) 
G is the measured plane of array (POA) irradiance (W/m
2
). 
          (  
    )         (4.2) 
where:    is normalised voltage(V) 
   is measured  voltage(V) 
β is voltage temperature coefficient for the module (V/°C) and 
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T is the mean measured module temperature during test (°C) 
The normalized power is given by the relationship:  
                (
        
 
)   (              )    (4.3) 
where : γ power temperature coefficient (W/°C) 
 
4.2  EFFICIENCY OF A CELL 
 
The efficiency of a cell is defined, as the ratio of power output of the solar cell to input 
energy from the sun. This depends on the spectrum and intensity of the incident sunlight as 
well as the temperature of the solar cell. The efficiency of a solar cell is determined as the 
fraction of incident power that is converted into electricity, and is defined as: 
 
  
    
   
          (4.4) 
where: 
                          (4.5) 
And Fill factor is given by    
           
      
      (4.6) 
       (W),          (4.7) 
where A is the aperture area of the module 
Therefore the efficiency of the cell is: 
   
          
   
          (4.8) 
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4.3  EFFECT OF TEMPERATURE ON A CELL/ MODULE 
 
Solar cells are sensitive to temperature changes (Antony et al, 2006). Increase in temperature, 
reduces the band gap of a semiconductor, thereby affecting most of the semiconductor 
material parameters. With a decrease in the band gap, lower energy photons are now capable 
of exciting electrons from the valence band to the conduction band. This increase in excited 
electrons, has the effect of an increase in the photo-generated current and hence the short 
circuit current Isc see equation (2.26). 
When the temperature of the cell increases, current Iph increases slightly due to narrowing of 
the band gap. The electrical efficiency of the photovoltaic cells, has also been found to follow 
equation 4.9 (Skoplaki and Palyvos, 2009). 
          (    
  )         (4.9) 
where: ηo is the efficiency of the module at Standard Test Conditions (STC). 
β is the manufacturer relative temperature coefficient of and its value is equivalent to 
rated value of 0.0045 /°C for crystalline silicon cells and 
T is the temperature of the module. 
 
4.4  METHODOLOGY 
 
To carry out the benchmarking exercise, the following procedures were carried out; 
 The (I-V) current/voltage characteristics of the two modules were measured on a 
clear day. The measurements were taken around solar noon. 
  A PVPM 1000C system was used to determine I/V characteristic. The PVPM uses 
the principle of capacitive load to measure the I/V characteristic. The insolation was 
measured in the plane of the module using a SOZ-03 pyranometer (ISO9060), (SOZ-
03 technical data, 2012). The irradiance values ranged from 900 to 1030 W/m
2
. 
 
The back of the module temperatures for the control module M1and prototype system module 
M2, were measured. The pyranometer’s cell temperature was also recorded for comparison 
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purposes. The SOZ-03 has a temperature sensor Pt 1000 embedded on it to monitor the 
sensor’s cell temperature. The cell on the SOZ-03 is a silicon cell, and its temperature 
response is the same as that of the SW80 modules, and both are silicon types. The SOZ-03 
and the PVPM are shown in Figures 3.10 and 312. 
 
The setup of the system was as shown in Figure 3.6. Three type K thermocouples were 
attached at different points on the back of the modules. On module M1, one thermocouple 
was attached, and on module M2, the (PV/T) system, two sets of thermocouple sensors were 
fixed at the back of the module. One set was used to monitor input and output water or air 
temperatures, and the other set for monitoring back of module temperatures on parts naturally 
cooled, see Figure 4.1. 
 
Figure 4. 1: Thermocouples at the back of the module with water container. 
 
From Figure 4.1, the diagram shows two sections of the module that are bound to operate at 
different temperatures. The cells under natural cooling are likely to operate at higher 
temperatures as compared to those under water. Increasing cell temperatures have been noted 
to result in a significant decrease in voltage, and a slight increase in output current. For the 
module under consideration, the voltage is affected by approximately -0.34%/K while the 
current is affected by approximately 0.034%. This will result in the power output of the PV 
module decreasing. Higher cell operating temperatures reduce open circuit voltage, efficiency 
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and lifetime. Figure 4.2 obtained using the PVSIM, a simulation tool, shows what happens 
when one string happens to operate at a higher temperature of 55°C as compared to the other 
strings, operating at 25°C (King et al., 1996). 
 
Figure 4. 2: PVSIM I/V characteristic of two strings with one having higher back of 
module temperature as compared to the other (King et al., 1996). 
 
As shown in Figure 4.2, the string with higher temperature has a slight increase in short 
circuit current as compared to the other string operating at 25°C. This situation is likely to 
take place on the module during operation.  
The PVPM, was used to monitor the I-V characteristics of the two modules each and every 
day. The data logger was used to log on, the ambient temperature, and back of module 
temperatures, from morning to sunset, and the results are as shown in section 4.5.  
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4.5  RESULTS AND DISCUSSION 
 
Table 4.2 lists the STC rated and STC measured-corrected parameters of the two modules 
before modifications. The equations Measurements for modules M1 and M2 were taken at an 
irradiance of 1016 W/m
2
. The temperature coefficients for short circuit current (α), open 
circuit voltage (β) and power (γ) are; 0.034%/K, -0.34%/K and -0.48%/K respectively 
(SW80, 2009).  
Table 4. 2: Measurements on modules M1 and M2 before modifications. 
Parameter(W) STC rated M1  
measured 
M1 STC  
measured-
corrected 
M2  
measured 
M2 STC 
measured-
corrected 
Isc (A) 4.82 5.74 5.65 5.74 5.65 
Voc (V) 21.5 19.60 21.76 19.48 21.64 
Imax (A) 4.48 5.20 5.17 5.17 5.17 
Vmax(V) 17.90 14.93 16.73 14.88 16.67 
Pmax (W) 80.2 77.66 89.01 76.92 88.28 
Efficiency (  %) 11.14 10.77 12.35 10.67 12.25 
 
A percentage difference of -0.81% were found between the STC measured-corrected 
efficiency values of modules M1 and M2. The low percentage difference between the two 
modules indicated that the modules had an almost equal output as displayed by the maximum 
power output. Module M1 had a series and shunt resistance of 0.4 Ω and 210.34 Ω 
respectively while M2 showed a series resistance of 0.46 Ω and a shunt resistance of 
209.09Ω. 
From the performance parameters of the modules, the temperature coefficients of modules 
were determined.The temperature coefficients of the modules refer to the derivatives of these 
photovoltaic performance parameters namely: open circuit voltage (Voc), short circuit current 
(Isc), peak current (Ipmax), peak voltage (Vpmax) and peak power (Ppmax). The temperature 
coefficients of the two modules M1 and M2 were as shown in Figure 4.3 and 4.4 for outdoor 
measurements. 
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Figure 4. 3: Open circuit voltage (Voc), short circuit current (Isc), Peak current (Ipm) and 
peak Voltage (Vpm) temperature coefficients for  module M1. 
 
The temperature coefficients for module M2 are shown in  Figure 4.4. 
 
Figure 4. 4: Open circuit voltage (Voc), short circuit current (Isc), Peak current (Ipm) and 
peak Voltage (Vpm) temperature coefficients for module M2. 
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The linear relationships for the temperature coefficients in Figures 4.3 and 4.4 were obtained 
using the linear regression. For each line different gradients were found indicating different 
temperature coefficients. The temperature coefficients were however, in the same order as 
those found by other researchers (King et al., 1997). King and friends determined temperature 
coefficients of different PV modules using outdoor conditions. In the table 4.3 the 
temperature coefficients have been normalised to 1/°C by dividing the respective coefficient 
by the value for the parameter at STC (100W/m2, AM=1.5, 25°C) (King et al., 1997). 
Table 4.3:- shows the temperature coefficients for the two modules M1 and M2 at 
1000W/m2, AM=1.5 measured outdoors and the Manufacturer ratings. 
Module     
  
(1/°C) 
    
  
(1/°C) 
    
  
(1/°C) 
    
  
(1/°C) 
M1 0.0142 0.0171 0.00228 0.00489 
M2 0.0140 0.0174 0.00275 0.00463 
Man Ratings 0.00034 - 0.00340 - 
 
The temperature coefficient for maximum power is determined using the peak voltage and 
peak current temperature coefficients. The equation (4.10) is followed in the determination of 
the maximum power temperature coefficient (King et al., 1997) 
  
  
    
  
  
    
  
  
          (4.10) 
The voltage temperature coefficients of the modules were lower than the rated value of 
0.34%. This is most likely caused by the fact that the modules’s cells operate at different 
temperatures due to transient outdoor environmental conditions and introduction of water at 
the back of module M2. This affects the results of determined temperature coefficients. The 
voltage temperature coefficient was however found to be in agreement with findings made by 
other researchers (Huang et al., 2011). M2’s voltage temperature coefficients were higher 
than that of M1, possibly due to temperature differences noted on module M2’s cells. M2 had 
cooler cells due to the presence of water at the back of module when compared to M1’s cells. 
The measured and STC corrected results for the modules after modifications were as shown 
in Table 4.3. M1’s measurements were taken at an irradiance of 1012 W/m2, and its back of 
the module’s temperature was 49.5°C. The measurements on M2 were initially taken without 
water at the back of the module at an irradiance of 1013 W/m
2
, and the back of module 
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temperature was 50.7°C. All measurements were taken around solar noon. The series Rs and 
shunt Rp resistances of the modules were measured using the PVPM system. For M1, the 
series and shunt resistances were 0.45 Ω and 213.20 Ω respectively and for M2, they were 
0.46 Ω and 210 Ω. The other measurements were taken in the ensuing months. 
Table 4.4 shows the measurements of performance parameters and the STC corrected values 
for the modules when placed outdoors. The above mentioned relationships were used in the 
determination of STC corrected values. 
Table 4. 4: Measurements on modules M1 and M2 on 21/03/2011. 
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Isc (A) 5.73 5.66 5.57 5.50 4.82 -17.43 -14.10 
Voc (V) 19.90 22.40 18.98 21.40 21.50 -4.19 0.47 
Imax (A) 5.26 5.20 5.10 5.03 4.48 -16.07 -12.28 
Vmax(V) 15.00 16.90 14.40 16.30 17.90 5.59 08.94 
Pmax(W) 78.90 87.80 73.44 82.00 80.20 -9.47 -2.24 
η (%) 10.80 12.20 10.07 11.24 11.14 -9.52 -0.90 
 
The percentage difference was determined between STC corrected values and the rated 
values according to the following relationship; 
      
                     
            
           (4.11) 
The differences between the manufacturer’s values and the STC corrected values indicated a 
need to have the modules’ baselines determined. For both modules, the corrected STC values 
were higher than the manufacturer’s values as shown in table 4.4. It was only the peak 
voltage that was higher than the corrected values. However, it was only M2 which had a 
lower open circuit voltage (Voc), and this was attributed to its higher back of module 
temperatures. 
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The corresponding I-V characteristics for modules M1 and M2 are shown in Figure, 4.5, and 
these were for measurements taken around the solar noon. The graphs show the measured and 
the STC corrected values. 
 
Figure 4. 5: The I-V characteristic of the modules M1 and M2. 
 
As indicated in Figure 4.5, the I-V characteristic for M2 shows a drop of current due to a 
mismatch on its cells. The irradiance at this time, was measured and found to be 1008 W/m
2
. 
Due to the I/V characteristics shown, the module M2, was then inspected to find the possible 
cause of the mismatch. From the visual inspection, no cell appeared to be faulty, implying 
that some electrical changes on the module could have contributed to the module’s 
characteristics.  
Figure 4.6 further shows the slight change between the two modules through use of the 
normalized STC current for M1 and M2. 
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Figure 4. 6: Normalised corrected STC values for M1 and M2. 
 
The current drop was then suspected to be due to a temperature mismatch of cells, due to 
temperature differences between the cells. Theoretically, temperatures mismatch has an effect 
on the current generated by a module (Mismatch effects, 2012). Figure 4.7 confirms this 
assumption. The average back of module temperature profile for module M2, was determined 
by using an average temperature value obtained from one part covered with a box container 
and the other part not covered, see Figure 4.1. 
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Figure 4. 7: Temperature profiles at the back of the module M2. 
 
The area between the two profiles (Ttop average temperature and Tmod container temperature) 
shows the difference in the two temperatures contributing to the mismatch, hence the drop in 
the open circuit voltage. In the morning, a temperature difference of 4.4°C was noted, while 
at 12h02, the top part had an average temperature of 61.1°C while the average box container 
temperature was 51.5°C, and this gave a temperature difference of 9.6°C. Towards the end of 
the day, there was no temperature difference between the respective points; hence no 
mismatch effect was noted. 
The energy outputs of the two modules M1 and M2 were then determined, by finding the area 
under graph for each module. The area in-between the two power curves, gave the difference 
in energy production of the two modules and Figure 4.8 shows the energy difference.  
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Figure 4. 8: M1 and M2 module’s peak power output. 
 
An energy loss of 4.34 Wh by M2 was found as compared to M1. At this point in time 
Module M1, was found to be cooler than M2 due to the fact that the PV/T system, M2, had 
no water coolant introduced. There was a heat accumulation in the back of the module M2 
due to the box containing not allowing exit of hot air , hence, the energy loss. The system 
should therefore never be used without water. Introducing of water to module M2, brought 
about the cooling effect of water, and the module responded by showing an increase in power 
output as shown in Figure 4.9.  
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Figure 4. 9: Power and module temperature variations with the PV/T having water. 
 
As shown in Figure 4.9, the PV/T module M2, operated at lower temperature levels as 
compared to module M1 from morning up to 14h00. The cooling effect of water on module 
M2 during this time, led to its improved power production as compared to M1. This was 
found to be in agreement with other researchers (Skoplaki and Palyvos, 2009). However, 
from 14h00 to 15h12 both modules were more or less operating at the same temperature. This 
could have been due to a decrease in irradiance and low wind speeds. Immediately after 
15h12 an immediate decrease in temperature on M1 was attributed to an increase in wind 
speed. M2’s temperature also fell, though at a small rate. On average, the power production 
of M2 was 57.22 W while M1’s was 56.52 W, and this gave a percentage difference of 
1.22%. 
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4.6  CONCLUSION 
 
An electrical energy difference of 4.34 Wh was found between modules M1 and M2 due to 
temperature differences at the back of the modules. However, after introducing water, a 
different setup was shown, with M2 operating better as compared to M1. The study showed 
higher efficiency values for both modules as compared to the manufacturer STC values. 
Module M1 showed higher efficiency values as compared to M2 before introduction of water. 
Module M2 was noted to have an I-V characteristic with a current break point due to 
temperature differences between cells in the strings. With no water in the PVT, the cells 
under the box container were noted to operate at higher temperatures as compared to those 
exposed to natural cooling. However, the opposite was true, the moment the water was 
introduced into the back of module M2. 
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CHAPTER 5  
 
COMPARATIVE ANALYSIS OF MODULES’ 
PERFORMANCE PARAMETERS 
 
5.1  INTRODUCTION 
 
From the irradiance falling onto a PV module, only up to 20% of the incident solar energy is 
converted to electricity (Antony et al., 2006). The remainder is primarily converted to heat. 
The aim of this study was to compare the efficiency, daily electrical energy generated and 
thermal response of the two modules.  
 
Different types of Photovoltaic thermal (PV/T) have been researched on by many researchers. 
These include PV/T modules using air and water as cooling fluids, (Jin-Hee and Jun Tae, 
2008; Tonui and Tripanagnostopoulos 2007; Tripanagnostopoulos et al., 2002; Motsuoka and 
Tamura, 2007; and Santbergen et al., 2010). These researchers made an attempt to improve 
on the PV module’s efficiency. 
 
This project was also designed to improve on the efficiency of the photovoltaic module. 
However, in this project, water was used as a cooling fluid in direct contact with the back of 
the module. This chapter presents a comparative analysis of a water cooled module to a 
naturally ventilated module. 
 
5.2  EXPERIMENTAL ANALYSIS OF MODULES M1 AND M2 
 
Module M2 provides both thermal and electrical energy, while M1 is the control and provides 
electrical energy only. When both the directly water cooled module M2, referred to as (the 
PV/Ts), and the naturally cooled module M1, were exposed to the sun, their responses were 
noted. The following; ambient temperature, wind speed, inlet and outlet water temperatures, 
irradiance and back of module temperatures were all recorded on the data logger every 10 
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minutes. These values were then later on averaged every 30 minutes, so as to be in line with 
the I-V tracer measurements. The I-V measurements were made on a low cost I/V measuring 
system shown in Figure 3.8 and the results logged on every 30 minutes. Data collection was 
done on a daily basis and all recordings were then used for comparing the two PV modules’ 
for performance analysis. The interconnections in the system were as shown in the block 
diagram in Figure 3.6. 
 
As mentioned earlier on the photovoltaic thermal system (PV/T), consists of a perspex box 
container fixed to the back of the PV module (M2). This container together with the storage 
tank was filled with water and the two had connecting pipes forming a closed loop. Water in 
the box container, sinks heat from the back of module and in turn it becomes less dense. 
Through buoyancy this warm water then rises to the storage tank. This warm water is in turn 
replaced by colder water from the bottom end of the storage tank. This cycle continues as 
long as the sun is available. As the buoyance process takes place the module gets cooled and 
its operation is improved. This process is known as thermosyphon effect.  
 
5.3  RESULTS ANALYSIS 
 
From the measurements made, outlet water temperature was noted to rise from 14°C to 45°C 
and this took about 5 hours from sunrise. Figure 5.1 shows the water temperature rise in the 
photovoltaic solar thermal collector according to measurements made on 15/11/2011. 
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Figure 5. 1: Inlet and outlet water temperatures for M1 and module M2. 
 
From Figure 5.1, it can be noted that the naturally cooled module M1 had its back of module 
temperature rising to a maximum of 60°C, while, the outlet water temperature of the PV/T 
module, M2, rose to a maximum of 45°C. Both modules were exposed to the same 
environmental conditions and the cooling effect of water on this sunny day gave a maximum 
difference of 13.3°C between the two modules. A thermal efficiency of 15.33% was obtained 
as shown in Figure 5.2. 
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Figure 5. 2: The thermal efficiency of the PVT system. 
 
The modified Hottel Willier-Bliss‘s equation as noted in Duffie and Beckman, (2006) was 
used to analyse the thermal efficiency graph and the equation 5.1 gives the relationship used:  
       
  (          )
 
        (5.1) 
where : ηo is optical efficiency,  
UL (W/m
2
K) is overall heat loss coefficient and  
G (W/m
2
) is irradiance on plane of array. 
A heat loss coefficient equivalent to 15.15 W/m
2
K was obtained for the photovoltaic module 
with water.  
The sinking of heat by M2 brought about the lowering of back of module temperature. At a 
maximum irradiance of 1014 W/m2 for the day in question, M1’s temperature rose to 60°C 
while, M2’s rose to a maximum of 34.5°C, showing the cooling effect of water on M2. This 
cooling effect on M2 brought about an improved efficiency and power production as 
compared to M1. Figure 5.3 shows the differences: 
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Figure 5. 3: Comparison of photovoltaic conversion efficiencies and power of modules M1 
and M2. 
 
The PV/T showed an increase in its conversion efficiency and power generation for 87% of 
the day, and this was attributed to the cooling effect of water. By using the area under the two 
graphs, an increase in electrical energy yield over the whole day was found to be 3.63%. An 
excess electrical energy equivalent to14.55 Wh was produced by the water cooled module, 
M2. The cells’ operating temperatures were reduced significantly in M2 module when 
compared to the naturally cooled reference module, M1. Up to 13.7°C temperature reduction 
was achieved as indicated earlier on in Figure 5.1. At 12h30 when the irradiance was 1018 
W/m
2
, the outlet temperature from M2 reached a maximum temperature of 44.9°C while the 
back of module temperature for M1 was at 58.6°C. 
 
A different behaviour was, however, noted at the beginning of the day and towards the end of 
the day. Figure 5.3 shows this difference. From early morning to 08h30, the rate of increase 
in efficiency for M2 was found to be 38.38%/hr while that for M1 was 21%/hr. The higher 
the rate of increase in efficiency displayed by M2 was likely due to the ability of water to 
sink the heat generated. Module M1 had a high heat accumulation at its back surface, hence, 
lower efficiency. Towards the end of the day, the percentage rate of decrease of efficiency 
was -16.04%/hr for M1 and -25.01%/hr for M2. A higher rate of efficiency decrease on M2 
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was due to higher back of module temperature as compared to M1. M1 quickly loses its heat 
as compared to M2. 
The average module conversion efficiency of the direct water cooled module was found to be 
9.47% versus 9.08% for the naturally cooled module. Both efficiency levels were found to be 
lower than the rated efficiency value of 11.14%. This was due to temperatures of operation 
which were above the 25°C, the STC temperature. 
 
The power output of the two modules increased with irradiance. However, the conversion 
efficiency did not increase with irradiance and this was found to be in agreement with the 
behaviour of photovoltaic modules when operating under high back of module temperatures 
(Gxasheka et al., 2005; Skoplaki and Palyvos 2009). Improved cooling, also had a 
contribution towards higher open circuit voltages displayed by M2 as compared to M1, see 
Figure 5.4. 
 
Figure 5. 4: Open circuit voltages of the two modules. 
 
Higher open circuit voltages (Voc) were noted throughout the day for the directly water cooled 
module M2. However, a small Voc drop was noted for both modules between 11h07 and 
12h39. During this period, the irradiance increased from 964 W/m
2
 to 1028 W/m
2
 and the 
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back of module temperature for M1 increased by 13.8°C (from 44.8°C to 58.6°C), while that 
for M2 increased by 4.4°C (from 30.1°C to 34.5°C) showing the effect of water cooling. 
After 12h39 the irradiance started falling, followed by a decrease in the back of module 
temperatures. This decrease in back of module temperatures led to an increase in Voc. 
However, Voc rose to a constant value, up to the end of the day. Table 5.1, shows the 
measurements of the two modules from 08h00 to 15h30. 
Table 5. 1: Open circuit voltage Voc, module temperature and irradiance measurements. 
LocalTime 
(Hrs) 
Irradiance 
(W/m
2
) 
Voc (M1) 
(Volts) 
Voc (M2) 
(Volts) 
TcolM1 
(°C) 
TcolM2 
(°C) 
8:00 225.11 20.58 21.13 19.14 16.48 
8:30 591.96 20.58 21.69 37.52 23.80 
9:00 705.59 20.56 21.67 39.39 25.28 
9:30 796.27 20.58 21.17 45.16 27.37 
10:00 875.68 20.56 21.16 45.91 28.84 
10:30 963.85 20.53 21.50 44.80 30.10 
11:00 1003.59 20.04 21.14 47.94 31.53 
11:30 1020.92 20.03 21.14 53.60 32.30 
12:00 1027.82 20.02 21.13 55.20 33.05 
12:30 1014.95 20.00 21.12 58.64 34.54 
13:00 992.90 20.10 21.50 47.40 34.30 
13:30 924.40 20.53 21.62 48.27 34.29 
14:00 857.53 21.04 21.62 44.22 36.18 
14:30 772.86 21.07 21.62 39.66 34.25 
15:00 674.47 21.10 21.64 34.57 31.86 
15:30 614.38 21.57 21.60 29.00 28.97 
 
Around solar noon, Voc for M2, dropped from 21.5 V to 21.14 V implying a 1.7% drop, while 
that for M1, dropped by 2.4%. This further, shows the effect of water cooling on M2 as 
compared to M1. Less heat sinking by the naturally cooled module was noted when 
compared to a directly water cooled module. There is less heat sinking by air on M1 and this 
is due to air’s lower heat transfer rate as compared to water. Using regression analysis, the 
open circuit voltage versus temperature gave the following gradients, -0.004 V/°C for M1 and 
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-0.007 V/°C for M2. These measurements were found to be in line with other measurements 
made for other silicon type PV modules (King et al., 1997). These gradients showed a slight 
change in open circuit voltages under high solar irradiance. 
The temperature increases that brought about a drop in open circuit voltages were 3.01°C 
(31.53°C to 34.54°C) for module M2 and 10.7°C (47.94°C to 58.64°C) for M1. The 
irradiance levels at these temperatures ranged from 1003.59 to 1014.95 W/m
2
.  
Comparing the open circuit voltages (Voc) to the Voc at STC it was noted that even though the 
open circuit voltage values dropped for both modules, they remained lower than the STC 
value of open circuit voltage Voc, which is 21.9V. 
It should also be noted that, the open-circuit voltage corresponds to the amount of forward 
bias on the solar cell. Under stable solar radiation, the current produced by the cell in a 
module is determined by the operating voltage. The relationship between the open circuit 
voltage and photo-generated current is given by the equation (5.2) assuming        , 
    
   
   
 (Meyer and Van Dyk, 2002).  
 oscOC II
q
nkT
V lnln          (5.2) 
where: n is non- ideal quality factor ranging between 1 and 2, 
k is Boltzmann constant = 1.38066 x10
-23
 J/K,
 
T is Temperature in kelvin = 298K, 
q is electronic charge = 1.60219 x10
-19
 C, 
Isc is the short circuit current, 
Io is the saturation current. 
  
111 
 
5.4  CONCLUSIONS 
 
The water cooled module M2, operated at higher electrical efficiency for 87% of the day. M2 
produced 3.63% more electrical energy. Lower operating temperature of the M2’s PV cells 
resulted in its higher Voc. The 45°C maximum Tout obtained could be used as a precursor for 
electrical geysers. This will result in the geyser water temperature raised by 10°C to reach the 
acceptable 55°C. Early in the mornings and late afternoons, major I/V variations were noted 
and these were later investigated as detailed in the next chapter. 
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CHAPTER 6  
 
I/V CHARACTERISTICS VARIATIONS 
 
6.1  INTRODUCTION 
 
Variations in I/V characteristics of PV modules are known to bring about power losses. 
Temperature mismatches, cracked cells, module soiling and shading are among the major 
causes for the power losses. The main task of this chapter is to get a general view of the 
mismatch losses under non-standard conditions on two modules, M1 and M2 when placed 
outdoors.  
The two modules are introduced in chapter 2 and their performances compared in chapter 5. 
Solar cells are sensitive to temperature changes (Antony et al., 2006). Increase in temperature 
reduces the band gap of a semiconductor, thereby affecting most of the semiconductor 
material parameters. The decrease in the band gap of a semiconductor with increasing 
temperature allows electrons to be driven to the conduction band by low energy photons. This 
in turn contributes to a slight increase in short circuit current and the ideal equation of a cell 
can be followed and it is given as: 




 1mKT
qV
oL eIII         (6.1) 
where: m is the ideality factor ≈ 1 
Io is the saturation current of a diode, 
IL is the ideal current source of a diode, and  
k is the Botzmann’s constant. 
 
Increased temperatures, impact negatively on the efficiency of the PV modules. The 
efficiency of a cell is defined as the ratio of energy output of the solar cell to input energy 
from the sun. This has been found to depend on the spectrum and intensity of the incident 
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sunlight and the temperature of the solar cell (Eikelboom and Jansen, 2000). The conversion 
efficiency of a solar cell is determined as the fraction of incident power that is converted to 
electricity and is defined in equation (4.3). 
When the temperature of the cell increases, the light generated current IL increases due to 
narrowing of the band gap. The electrical efficiency of the photovoltaic cells has also been 
found to follow the equation (4.9). 
 
6.2  METHODOLOGY 
 
The equipment used to carry out this investigation was a low cost I/V system developed at 
Fort Hare Institute of Technology. Directly water cooled and naturally cooled SW80 modules 
were deployed and tested under outdoor conditions. The current and voltage measurements 
were taken from sunrise to sunset. These measurements were carried out under typical South 
Africa meteorological conditions at latitude of 32.8° S, longitude of 26.8° E and altitude of 
573m.  
The Low cost I/V system uses the principle of power supply load to measure the I/V 
characteristic. The system’s operation is described in chapter 3, section 3.4.  
The irradiance was measured in the plane of the module using a Kipp and Zonen 
pyranometer. The back of the module temperatures for the control module M1and prototype 
system module M2 were measured using type k thermocouples. The type k thermocouple 
measurements have an error of ± 0.4% (Thermocouple, 2012). The set up for the system was 
as illustrated in Figure 3.6. 
Three type- K thermocouples were attached at different parts at the back of the modules M1 
and M2. Module M2 had two sets of thermocouple sensors, with one set monitoring input and 
output water temperatures, and the other set monitoring back of module temperatures, as 
shown in Figure 4.1. Module M1 had a single probe fixed at its back. 
The low cost I/V system was programmed to make its I/V measurements each day after every 
30 minutes from morning at 06h00 to evening at 18h00. The data logger was used to log on; 
the ambient temperature, inlet and outlet water temperatures, irradiance and back of module 
temperatures. The data logger measurements were carried out every 10 minutes throughout 
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the day. From these measurements, the times at which mismatch losses appeared were then 
considered for the analysis. 
 
6.3   RESULTS AND DISCUSSION 
 
The I/V curves of the control module M1 and module under test M2, were carried out daily 
from morning until the end of the day. The results of measurement for the two modules were 
as shown in figures 6.1 and 6.2. 
 
 
Figure 6. 1: Module M1's I/V characteristics at 06h32. 
 
As shown in Figure 6.1, the I/V characteristics indicate a drop in current due to a mismatch of 
the cells in module M1. A Similar response was also noted for module M2 as shown in 
Figure 6.2. This tendency was found to be in agreement with other institutional researchers 
(Meyer et al., 2004). 
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Figure 6. 2: Module M2's I/V characteristics at 06h32. 
 
The I/V characteristics in Figures 6.1 and 6.2 were taken at intervals of 2 seconds from each 
other on the 18/11/2011. Both modules had earlier on been inspected and from visual 
inspection, no cells appeared to be faulty; no cracks on the glasses were noted. The mismatch 
was found to be due to shading on both modules. At lower solar altitudes the sun causes the 
frames to cast shade on the module. Once the cells are shaded, they stop generating electron 
hole pairs and resist the flow of electrons. Electrical energy production is then compromised 
and the shaded cell may end up causing hot spots in the long run. Less shading was noted on 
M2, possibly due to bulging on the module caused by fluid pressure coming from water at the 
back of the module. 
In the morning at lower solar altitude, the shunt resistance for module M2 was found to be 
192.3 Ω while that for M1 was 117.64 Ω. Shunt resistance Rsh is determined from the 
reciprocal of the slope of the I/V characteristic at the short circuit current point and the series 
resistance Rs as the reciprocal of the slope at the open circuit voltage point. The relationships 
to determine these were as given in equations (6.2) and (6.3) (Kawamura et al., 2003): 
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It should, however, be noted that the use of the slope to determine the respective resistances 
as indicated by equations (6.2) and (6.3) only provides a guide to the shunt and series 
resistances. The values obtained at noon would provide a better representative of these 
values. 
According to an Application Note, (2011), as the number of shaded PV cells increases, the 
short circuit current falls and as the irradiance increases the short circuit current rises while 
the open circuit voltage falls and all this eventually may bring about changes in Rsh and Rs.  
Table 6.1 gives the percentage differences and the corresponding measurements of maximum 
power, shunt resistance, series resistance and shunt resistances for the two modules. 
Table 6. 1: Modules’ performance parameters in the morning. 
Module  
 
Pmax 
(W) 
Rshunt 
(Ω) 
Rseries 
(Ω) 
Tback 
(°C) 
Voc 
(V) 
Isc 
(A) 
M1  5.38 117.64 7.51 16.15 20.11 0.53 
M2  6.06 192.30 7.10 15.60 20.11 0.56 
% diff  11.22 38.82 -5.77 -3.54 0.00 5.36 
 
The shunt resistance is usually very high and is characterised by a low value of the gradient; 
see Figure 2.22 and equation (6.2). From the values of shunt and series resistance obtained, it 
can be concluded that these were due to the effect of low light levels and shading in the 
morning. The shunt and series resistances are best determined at around solar noon. 
From the morning measurements, M2 had 11.22% more energy production as compared to 
M1. Direct water cooling was therefore noted as a contributing factor towards more energy 
production in the morning. Furthermore, water is cold in the morning and as such, the cells 
would be operating at lower temperatures hence able to produce more power.  
Current/voltage measurements were further taken around the solar noon and the I/V response 
of the modules were as shown in Figures 6.3 and 6.4; 
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Figure 6. 3: Solar noon measurements for M1. 
 
 
Figure 6. 4: Solar noon I/V measurements. 
 
It can be noted in Figures 6.3 and 6.4 that, as the irradiance increase, the I/V graphs 
normalize, indicating the absence of shading effect. Frame shading was found to be much 
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more pronounced in the early hours of the morning up to around 08h00. A similar trend was 
noted again in the late hours of the day. From mid-morning to noon, the I/V graphs did not 
show much indications of mismatch, probably due to the absence of frame shading. 
Figure 6.5 shows the variations of the shunt and series resistance of the modules calculated 
during the day. RsM1 is the series resistance of module M1, RsM2, the series resistance of 
module M2, RshM1, the shunt resistance of M1 and RshM2 being the shunt resistance of 
module M2 and Irr, representing the olane of array irradiance. Low series resistances were 
noted on both modules around solar noon. 
 
Figure 6. 5: Variations in shunt and series resistance. 
 
As shown in figure 6.5, the series and shunt resistances of both modules, M1 and M2 
appeared to be high in the morning and late afternoon due to low irradiance received at these 
times. A slight decrease in series resistance was noted for both modules from 8h00 to 10h00 
and after 10h00 the minimum series resistances of both modules averaged around 1.1 Ω up to 
14h00. Beyond 14h00 the series resistances of both modules started increasing and at 15:30 a 
similar response to the morning scenario was observed. 
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minimum average resistance of 182 Ω, while M2 reached a resistance of 55 Ω at noon. The 
behaviour of M2 indicated some inherent problems which could be associated with water 
ingress. 
With this background, an increase in maximum power produced by the directly water cooled 
module M2 was found around solar noon, and it was found to be 1.62% more as compared to 
the naturally cooled module, see Table 6.2. 
Table 6. 2: Performance parameters around solar noon. 
Module  
 
Pmax 
(W) 
 
 
Rshunt 
(Ω) 
 
 
Rseries 
(Ω) 
Tback 
(°C) 
Voc 
(V) 
Isc 
(A) 
M1  68.07  182.00  1.16 37.60 20.70 5.33 
M2  69.19  55.00  1.13 31.70 21.22 5.23 
% diff  1.62  -230%  -2.65 -18.11 2.45 -1.91 
 
The shunt resistance for M2 dropped by 230% around solar noon. This showed a major 
problem on M2, and this could be attributed to water ingress on the module affecting the 
module circuitry. Therefore there is a need to find better ways of preventing water ingress if 
water is to be used as a coolant in direct contact with the back of the module. 
Normalising the current and maximum power output of the modules Figure 6.6 was obtained. 
 
Figure 6. 6: Normalised performance parameters. 
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Comparing the normalized graphs for both modules, module M2 shows a slight drop in the 
I/V characteristics due to a temperature mismatch.  
Figures 6.7 and 6.8 give details of the I/V responses from the modules towards the end of the 
day. 
 
Figure 6. 7: I/V characteristics for Module M1 in the afternoon. 
 
 
Figure 6. 8: I/V characteristics for Module M2 in the afternoon. 
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A small current drop noted on the I/V characteristic of M1 shown in Figure 6.7, could be 
attributed to shading effect in the afternoon. Figure 6.8 shows the more pronounced mismatch 
effects on M2 and both measurements were taken at 16h16. For M2, the mismatch could be 
attributed to the temperature difference between the cells under the box water container and 
those not covered by the box container. Under the box container, the cells’ temperatures are 
assumed to be equivalent to the average temperature between the water inlet and out 
temperatures. The water inlet temperature was 24.6°C while the outlet was 34.0°C giving an 
average back of module temperature of 29.2°C. The PVSIM simulation graph in Figure 4.3 
further confirms this analysis. 
Figure 6.9 shows the back of module temperature comparisons. TM2wwav (°C) is the 
temperature of the back of module with water; Tout M2 (°C) is the outlet water temperature 
from the box container; TbackM2 (°C) is the back of module temperature for module M2; 
Ttop ave (°C) is the top average temperature of the module M2.and Iradd (W/m2) is the plane 
of array irradiance. 
 
Figure 6.9: Variation of inlet (Tin M2), outlet (Tout M2), back of module, Ttop (M2’s 
naturally cooled section), back of module (Tback M1) and average water temperature 
(TM2wav).  
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The cells in the box container and those close to the exit point Tout would have higher 
temperatures as compared to those not covered by the box container see Figure 4.1 for back 
of module configuration. The temperature differences in these cells would in turn bring about 
the temperature mismatch in the module as shown in Figure 6.8. Also, the cells in the box 
container take longer to cool down in the afternoon as compared to those not covered. Table 
6.3 shows the performance parameters of modules in the afternoon, and it should be noted 
that around this time there were low light levels hence relatively high values of the series and 
shunt resistances. 
Table 6. 3: Performance parameters in the afternoon. 
Module  
 
Pmax 
(W) 
 
 
Rshunt 
(Ω) 
 
 
Rseries 
(Ω) 
Tback 
(°C) 
Voc 
(V) 
Isc 
(A) 
M1  29.23  333  1.66 28.22 20.62 1.96 
M2  26.24  167  1.62 29.20 20.85 1.86 
% diff  -11.4  -99.40  -2.65 -3.66 1.10 -5.38 
 
In analysing the mismatch losses, the maximum power output for each module was 
determined in the morning, around solar noon and in the afternoon. The difference between 
the maximum available power and the maximum measured power was also determined. For 
the morning measurements, there were two power peaks and these could have been due to 
shading or low incoming solar power and cell mismatch (Picault et al., 2010). 
According to Roche et al., (1995), the reduction in maximum power output of an array due to 
mismatch can be expressed as a relative power loss (RPL). Their relationship was modified 
to give the relative power loss of a module and the relationship used was; 
in
ain
P
PP
RPL

          (6.4) 
where; Pin is the maximum power available to the module and 
 Pa is the measured maximum power output.  
The results obtained are shown in Figure 6.10 and they represent the mismatch losses due to 
shading early in the morning and late afternoon.  
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Figure 6. 10: Relative Power Losses due to mismatch. 
 
Higher mismatch losses were noted in the morning; with M1 displaying losses of up to 67.8% 
while M2 showed losses of up to 40.42%. At this time, a temperature percentage difference 
of 5.45% was noted, with M1’s average back of module temperature being 16.5°C and that of 
M2 being 15.6°C. Also, M2 was found to be less shaded as compared to M1 due to the fact 
that it had a slight bulging on the top surface of the module caused by pressure from the water 
in the box collector. Around noon M1 displayed higher RPL values due to its higher back of 
the module temperatures as compared to M2.  
Interestingly, towards sunset, RPL responses similar to those in the morning were noted, with 
M1 showing an RPL of 42.22%, and M2, 29.69%. The PV/T takes longer to lose the gained 
heat, hence, the difference between the two modules’ RPL. A relatively higher back of 
module temperature in M2 could have contributed towards an improved electron hole pair 
generation as compared to M1, hence a lower RPL.  
Figure 6.11 shows the changes in the back of module temperatures with respect to time. 
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Figure 6. 11: Modules temperature response. 
 
From Figure 6.11, it can be noted that after 16h20, module M2 had higher temperatures as 
compared to module M1. As mentioned earlier on, this could be attributed to heat gained in 
the water during the day. This also explains the higher maximum power output of 29.23 W 
attained by M1 as compared to 26.24 W attained by M2. 
Around solar noon, lower mismatch losses were noted as compared to the other times, Figure 
6.10 shows the respective RPL. The less mismatch losses were most likely due to uniform 
irradiance. Theoretically, mismatch of cells due to temperature differences have an effect on 
the current generated by a module (Mismatch effects, 2011). 
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6.4  CONCLUSIONS 
 
Low power losses in a direct water cooled PV module were noted as compared to a naturally 
cooled module. 
The variations in I/V characteristics were noted to be more pronounced in the morning and 
late in the afternoon. Higher values of series and shunt resistances were recorded at these 
times and this was found to be due to low irradiance. Around solar noon the series resistances 
of both modules were noted to be around 1.2 Ω, while the shunt resistance for M1 remained 
high, at 182 Ω and that for M2 dropped to 55Ω. The drop in M2’s shunt resistance indicated 
changes within the module’s PV cells.  
The relative power loss on both modules was also determined and in the morning at around 
06h30 M1’s RPL reached 67.8% while that for M2 was 42.22%. The difference in RPL 
values indicated high power losses by M1, and this was attributed to module shading and low 
irradiance. A similar response was also noted at 17:17, with M1 having an RPL of 42.22% 
while M2’s response was 29.67%. A relatively higher back of module temperature on M2 
was noted as compared to M1 and this was found as a contributing factor to M2’s RPL. The 
cells shading and low irradiance levels, contributed towards M1’s higher RPL loss.  
Cell mismatches were found to be low from 08h00 to 15h00, with the directly cooled module 
(M2) displaying less RPL for three quarters of the day.  
Data collection on the modules continued each day for all seasons and the next chapter gives 
the performance details of the modules throughout the four seasons. 
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CHAPTER 7  
 
PERFORMANCE MONITORING OF THE PHOTOVOLTAIC 
THERMAL SYSTEM 
 
7.1  INTRODUCTION 
 
In South Africa, 95% of the primary energy mix consists of 77% coal, 13% oil and 5% 
natural gas and the remaining 5% is contributed from biomass and renewable energy 
(Moodley et al., 2005). In 2010, the primary energy mix was as follows; fossil fuels were 
making up 92% (coal 86%, oil and gas 6%), pumped storage 3%, Nuclear 4% and hydro 1% 
(Singh, 2011). When burnt, the fossil fuels produces carbon dioxide, nitrogen dioxide and 
sulphur dioxide. These gases, contribute negatively towards the environment by causing 
global warming. Fossil and nuclear fuels are unsustainable and it is imperative that the daily 
reliance on these sources be reduced. Renewable energy resources are sustainable and can be 
used continuously without notable negative impact (Carl von Carlowitz, 2012). This signifies 
the need for increased use of renewable energy resources’. 
Photovoltaic (PV) systems are cleaner means of electricity production, no emissions during 
electricity production, no noise from the PV generators and they are very environmentally 
friendly. PV systems have been used mainly in outlying areas where there is no access to the 
electricity utility grid. However, silicon photovoltaic modules only convert around 15% of 
incoming solar radiation and 62% is lost mainly as heat, and reflection losses contribute 
about 23% (4% Reflected from the glass, 6% reflected from cell, 7% reflected from the metal 
grid, 3% reflected from the backsheet and 3% absorbed) (Dűll et al., 2010). 
It is therefore worth investigating on how the lost heat can be utilised. Real data need to be 
used in order to determine the performance of the PV modules. In this chapter the electrical 
and thermal performance of the PV (M1) and PV/T (M2) system were monitored over all 
seasons from the month of September 2011 to August 2012. Results presented indicate an 
initial positive contribution with regards to both electrical and thermal production by M2, and 
this is attributed to water cooling effect.  
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7.2  THEORETICAL BACKGROUND 
 
The power from a PV module is determined using the relationship:  
                    (7.1) 
where: Pmax is the maximum power;  
Vm is the maximum voltage ; 
Im is the maximum current and 
Energy produced is generally given by the relationship:  
                      (7.2) 
The time can be the day’s length, month or year. The day’s length in terms of hours is given 
according to equation (7.3), (Duffie and Beckman, 2006). 
   
 
  
     (    (  )     )       (7.3) 
where;  Ø = the angle of latitude and 
δ is the declination angle and can be calculated from: 
              [
   
   
(     )]       (7.4) 
where: n is the number of the day in the year. 
The total energy produced per 1 m
2
 of the solar module for one day can be estimated from the 
relationship:  
   
 
             
         (7.5) 
where E is the total energy produced 
To characterise the performance of the PV system, the International standard IEC 61724 
(Colli et al., 2010) was used. This was used to determine the performance ratio of the two 
modules, M1 and M2 each day of the month. The relationships used were:  
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 ;     
 
 
 ; and                       
  
  
    (7.6) 
 
where: Yf is the final yield; 
E is the energy produced by the PV system (kWh);  
Po is the installed/rated peak power (kW);  
Yr is the reference yield;  
H is the total in plane of array irradiance (kWh/m
2
); and 
G is the irradiance at STC (1kW/m
2
). 
 
7.3  EXPERIMENTAL METHOD 
 
The experiment was carried out on a north facing test rig at a tilt angle of 32.8° , the angle of 
latitude of Alice, Eastern Cape in South Africa. The modules were connected to the I/V low 
cost system developed at the Fort Hare Institute of Technology (Simon, 2009), and to the 
Sunsaver MPPT (maximum power point tracking) charge controller. The charge controller 
was connected through a Morningstar PC Meterbus to a personal computer for data logging. 
Data logged from the controller were as follows; module current and voltage output as well 
as load current, voltage and battery voltage; all these were measured by the sunsaver MPPT 
charge controller. The storage tank was placed at a height of 30cm above the module to 
enable thermosyphon effect, see Figure 3.5. The data acquisition system (DAS) used was as 
shown in Figure 3.9.  
In the setup, the interconnection of modules to the charge controllers and to the I/V tracer, 
were put in place. The system was programmed to record the data at 30 minute interval from 
06h00 to 19h00 every day. The irradiance, wind speed and temperatures were all recorded on 
the data-taker data logger and the measurements were averaged for a period of one year. 
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7.4  RESULTS 
 
The results detailed below are for the twelve months, starting from September 2011 to 
August 2012.  
 
7.4.1  Electrical performance monitoring 
 
Table 7.1 lists the mean daily values of ambient temperature, module temperatures, irradiance 
and energy received on the plane of the array for each month. 
 
Table 7. 1: Mean daily values of ambient temperature, module temperatures, irradiance, 
and energy received each month. 
Month Tamb 
(°C) 
Tbackmod 
M1(°C) 
Efficiency 
M1 (%) 
Tbackmod 
M2(°C) 
Efficiency 
M2 (%) 
Irradiance 
(W/m
2 
/day) 
Energy 
(kWh/m
2
 
/day) 
Sept 19.22 30.19 9.47 22.70 9.80 548.60 6.51 
Oct 20.63 30.44 7.34 23.82 9.83 441.13 5.69 
Nov 19.97 28.61 9.42 24.08 9.33 418.83 5.75 
Dec 22.54 24.16 8.29 27.17 8.23 380.30 5.37 
Jan 26.48 31.84 8.91 32.00 8.00 456.41 6.34 
Feb 24.13 33.67 9.15 29.35 8.03 434.97 5.72 
March 22.92 31.28 7.98 27.50 7.33 360.16 4.38 
April 19.63 28.49 8.64 24.55 7.51 409.67 4.57 
May 18.43 26.52 8.63 22.61 7.55 383.99 3.95 
June 18.38 21.65 9.12 18.80 7.91 320.81 3.17 
July 14.90 22.55 9.46 18.74 7.62 387.49 3.91 
August 15.13 21.31 9.12 18.21 7.46 333.86 3.63 
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Table 7.1 shows the data used for performance monitoring of the modules. The graphs in 
Figure 7.1 illustrate the variations of the back of module temperature and efficiency with 
irradiance for each month.  
 
Figure 7. 1: Monthly variations of temperature, efficiency and irradiance. 
 
The irradiance in the month of September was 30.7% more as compared to the month of 
December. This was attributed to the rains and clouds overcast noted in the months of 
November as compared to the other months. In the months of September and October the 
back of module temperatures for the directly water cooled module (M2) was cooler when 
compared to M1. During these months, M2’s efficiency was better as compared to M1 as 
shown in Figure 7.1. However, Module M1 went on to outperform M2.for the rest of the 
remaining months. This was suspected to be due to the water absorption by M2. 
The total DC energy produced by each module and its corresponding performance ratio were 
determined using equation (7.6). Figure 7.2 shows the performance ratios (PR) of the 
modules. The PR represented includes PR calculated using the rated efficiency for the SW80 
module.  
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Figure 7. 2: Performance ratio (PR) of the modules. 
 
The difference between the rated PR of 1 and the respective performance ratio of each 
module in each month adds up together all imaginable energy losses that could be due to 
mismatches or wiring. 
To explain the trends in Figure 7.2, the percentage differences between PR for modules M1 
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Figure 7. 3: Percentage difference between rated and modules M1 and M2 and between 
M1 and M2. 
 
From Figure 7.3, it was noted that M2 outperformed M1 in the months of September and 
October. In these months, percentage differences of 3.4% and 25.3% were noted. However, 
in the months of November and December M1 outperformed M2 by 0.96% and 0.73% 
respectively. This bad performance of M2 was much pronounced in the month of January and 
continued to the end of the twelve months study period. In January the average back of 
module temperature of M2 was 32°C while that of M1 was 31.84°C showing a slight 
temperature difference, but a percentage difference between the two modules was found to be 
11%. The worst performance of M2 was noted in July, with M1 outperforming M2 by -
24.2%. The difference in the performance could not have been due to temperature differences 
but something else, and the water ingress was the likely agent. 
 
The monthly maximum power output and electrical conversion efficiency of the modules 
were determined around solar noon and were as shown in Figure 7.4.  
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Figure 7. 4: Normalised maximum power of the two modules. 
 
In the month of October, a sharp drop in power output by M1 was noted as compared to M2. 
This response was also confirmed in Figure 7.4, and this was found to be due to higher back 
of module temperatures noted from mid-morning to afternoon as compared to those for M2. 
The power output from M2, however, continued to decrease as compared to M1. This was 
suspected to be due to an increase in series resistance and a decrease in shunt resistance noted 
on measurements made from the two modules. This was probably due to the water absorption 
affecting the module circuitry.  
 
Water ingress brings about oxidation and hence causing an increase in series resistances of 
cells. Figure 7.5, shows browning of some cells due to water ingress on module M2.  
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Figure 7. 5: Showing oxidised cells on M2. 
 
Not all cells were oxidised, but just a few on M2 as shown in figure 7.5. These cells then 
went on to bring about the performance reduction in the module. The I/V curves in figures 
7.6 and 7.7 were measured using the PVPM to confirm the analysis made on modules M1 and 
M2. 
 
 
Figure 7. 6: M1’s I/V characteristic taken at 12:30pm on the 06/12/12. 
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The measurements were carried out on the 6
th
 of December 2012, and the corresponding 
series and shunt resistances of module M1 were found to be 1.18 Ω and 180 Ω respectively.  
Comparing these resistances to those measured on the 18
th
 November 2011 recorded on table 
6.2, a 1.72% increase in series resistance was noted, while the shunt resistance fell by 1.1%. 
As for M2, its series resistance increased and the shunt resistances further decreased as 
shown in Figure 7.7. 
 
 
Figure 7. 7: M2 I/V characteristic taken on the 06/12/12at 12:31pm.  
 
The series and shunt resistances of M2 were found to be 3.15 Ω and 45.97Ω respectively 
confirming the effects of water ingress on the module. M2’s series resistance increased by 
179% while its shunt resistance decreased further by 16.42%. 
 
The cell oxidation noted, could have contributed towards the increase in series resistances of 
the module M2, hence, reducing the efficiency of the module. Water ingress could also have 
had its negative contribution towards the cells’ contacts hence lowering the shunt resistance. 
This could be further explained by figure 7.8 showing the changes in shunt and series 
resistance as per the PVPM measurements (Kunz and Wagner, 2004). 
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Figure 7. 8: Series and shunt resistance variations of the naturally cooled (M1) and 
directly water cooled (M2) modules. 
Figure 7.8 shows a 78% drop in shunt resistance of M2 as compared to a 17% drop in shunt 
resistance of module M1. This further explains the sudden drop in power output by module 
M2. The series resistance also appears to increase on both modules. A further sudden increase 
in series resistance for module M2 was noted in the month of April 2012. This could have 
been due to water absorptance by the module. The percentage increase in series resistance of 
the two modules when compared to the March 2011 values was found to be 62% for M1and 
86% for M2. 
 
The monthly variations of the efficiency and fill factor of the modules were also determined 
around solar noon for comparison purposes. Generally around solar noon, lowest efficiency 
levels are obtained (Meyer and Mtunzi, 2012). The results obtained are shown in Figure 7.9. 
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Figure 7. 9: Fill factor and conversion efficiencies of the modules. 
 
As shown in Figure 7.9, M2 outperformed M1 in terms of efficiency and fill factor for the 
first three months, September, October and November. However, from the month of October, 
the efficiency and fill factor for M2 started decreasing to the end of the year as compared to 
that of M1. The higher fill factor and efficiency values noted in the first three months for M2 
were attributed to the cooler back of module temperatures and low water absorption. This 
was found to be in agreement with (Malik et al., 2010), who noted that the rise in the back of 
module temperatures contributes towards the increase in the dark current, and losses of free 
carriers in polycrystalline modules.  
 
7.4.2  Thermal performance monitoring 
 
Thermosyphon systems have been noted to be affected by random variations of solar 
radiation, ambient temperatures, wind conditions, connecting pipe sizes and design 
parameters. The daily thermal efficiency of the system is therefore needed and can be found 
using the relationship (He et al, 2006). 
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where:  m is the fluid total mass in the thermosyphon system,  
Cp is the heat capacity  
Tf is the final fluid temperature in the storage tank 
Ti is the input fluid temperature in the storage tank 
Ac is the collecting area of the PV module and  
H is the average daily total incoming solar–radiation on the collector surface from 
06h00 to 16h00 for each month.  
The overall performance of the PV/T can then be determined by finding the total efficiency 
   using equation (7.8) and the energy saving efficiency    using equation (7.9), (He et al., 
2006). 
   
  
    
             (7.9)  
where:     is the electrical efficiency and 
     is thermal efficiency of the PV/T. 
where 0.38 is the electric efficiency of a thermal power station used to give the energy saving 
of the PV/T, (Huang et al., 2001). The average monthly thermal efficiency values of the PV/T 
system are shown in Table 7.2. 
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Table 7.2: Average daily results for each month.  
Month    
(°C) 
    
 (°C) 
∆T 
(°C) 
   
(°C) 
H 
(kWh/m
2
) 
ηth 
% 
ηe 
% 
 ηs % 
Sep 10.89 28.64 17.75 19.22 6.51 46 9.80  71.79 
Oct 12.66 25.39 12.73 20.63 5.69 41 9.83  66.92 
Nov 16.62 27.80 11.18 19.97 5.75 31 9.33  55.55 
Dec 19.70 30.07 10.37 22.54 5.37 33 8.23  54.66 
Jan 26.92 39.08 12.16 26.48 6.34 35 8.00  56.05 
Feb 25.06 39.32 14.26 27.91 5.72 39 8.03  60.13 
Mar 21.10 32.37 11.27 22.94 4.38 44 7.33  63.29 
April 18.50 32.27 13.77 19.91 4.57 46 7.51  65.76 
May 16.15 27.53 11.38 18.43 3.95 38 7.55  57.87 
June 10.26 16.60 06.3 15.63 3.17 33 7.91  53.82 
July 13.01 27.43 14.42 21.75 3.91 50 7.62  70.05 
August 13.75 24.82 11.06 20.13 3.63 39 7.46  58.63 
Aver 17.05 29.28 12.79 22.79 6.51 39.58 8.22  61.21 
 
From Table 7.2 it can be noted that the PV/T (M2) had a higher thermal efficiency in 
September, October and July as compared to other months. The total in plane irradiation (H) , 
shown in table 7.2 was determined from the product of irradiance and the length of the day 
using equation 7.3. 
 Figure 7.10 further illustrates the efficiency variations graphically.  
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Figure 7. 10: Monthly variations of energy saving efficiency   , ambient, inlet and final 
storage tank temperatures. 
 
From Figure 7.10 it can be seen that the energy saving efficiency of the system is largely 
dependent on thermal efficiency.  
The total thermal and electrical energy collected from the PV/T for each month and for the 
whole year were as shown in Table 7.3. 
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Table 7. 3: Monthly and annual energy collected from the PV/T system. 
Month No H H ηth % ηe % ETherm EElect ETherm EElect 
 of days MJ/m
2
 MJ/m
2
 /month  MJ/m
2
 MJ/m
2
 MJ/m
2
 MJ/m
2
 
 /month /day /month   /day /day /month /month 
Sep-11 30 20.88 626.4 46 9.8 9.60 2.05 288.14 61.39 
Oct-11 31 18.55 575.05 41 9.83 7.61 1.82 235.77 56.53 
Nov-11 30 18.84 565.2 31 9.33 5.84 1.76 175.21 52.73 
Dec-11 31 16.62 515.22 33 8.23 5.48 1.37 170.02 42.40 
Jan-12 31 18.89 585.59 35 8.00 6.61 1.51 204.96 46.85 
Feb-12 28 19.64 549.92 39 8.03 7.66 1.58 214.47 44.16 
Mar-12 31 14.39 446.09 44 7.33 6.33 1.05 196.28 32.70 
Apr-12 30 17.13 513.9 46 7.51 7.88 1.29 236.39 38.59 
May-12 31 16.29 504.99 38 7.55 6.19 1.23 191.90 38.13 
Jun-12 30 13.81 414.3 33 7.91 4.56 1.09 136.72 32.77 
Jul-12 31 16.29 504.99 50 7.62 8.15 1.24 252.50 38.48 
Aug-12 31 13.48 417.88 39 7.46 5.26 1.01 162.97 31.17 
Sum 365 204.81 6219.53   81.17 16.99 2465.33 515.90 
Average - - - 39.58 8.22 - - - - 
 
The monthly thermal and electrical energy values of the system were determined using 
thermal and electrical efficiency values. The month of September gave the highest output as 
compared to the other months. An equivalent thermal energy of 80.4 kWh and electrical 
energy of 17.05 kWh was obtained in this month. The highest electrical energy value was 
most likely due to the fact that the module had not yet adsorbed water. 
The total amount of energy falling onto the module was found to be 1727.65 kWh for the 
year in question. The overall energy utilized by PV/T was 828.12 kWh, implying a 47.93% of 
solar energy utilisation. The naturally cooled module’s solar utilisation was found to average 
152kWh, giving a utilisation percentage of 8.79%. The PV/T system M2, was therefore found 
to have a better solar utilisation as compared to M1. The thermal and electrical efficiencies of 
the two modules from the month of September 2011 to the month of August 2012 are shown 
in Figure 11. They detail the response of the modules for each respective month. 
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Figure 7. 11: The average monthly electrical and thermal energy production of the M1 and 
M2. 
The major drop in electrical energy production was noted as from the third month the project 
was set up, to the end of the year. The changes in some of the module M2’s electrical 
characteristics affected its series and the shunt resistances, hence the drop in its electrical 
energy production. The thermal efficiency of the module M2 averaged 39.58% throughout 
the year, while its electrical efficiency averaged 8.22%. Module M1 averaged at 8.79%, 
indicating a 0.57% higher efficiency as compared to M2. This difference was found to be 
caused by water ingress in M2. 
The monthly energy saving efficiency of the PV/T system was found to be approximately 
61% and the yearly average electrical efficiency was found to be 8.22%. 
  
0
10
20
30
40
50
60
T
h
er
m
a
l 
a
n
d
 e
le
ct
ri
ca
l 
ef
fi
ci
en
ci
es
 (
%
) 
M2 ηth % M2 ηe % M1 ηe % 
145 
 
7.5  CONCLUSION 
 
Highest electrical and thermal efficiency values were obtained from the PV/T for the months 
of September and October as compared to the other months. A highest performance ratio 
(PR) of 0.88 was achieved with module M2, while with M1 a maximum PR of 0.85 was 
attained. However, more electrical energy losses were noted in M2 as evidenced by the 
difference between the rated PR which is equal to one (1) and the corresponding module’s PR 
which varied each month. The monthly energy saving efficiency of the PV/T was found to be 
approximately 61%. The solar utilisation of the naturally cooled PV module was found to be 
8.79% while that of M2 was 47.93%. Using this background, the energy economics of the 
PV/T system were then determined as shown in the next chapter. 
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CHAPTER 8  
 
ECONOMIC EVALUATION 
 
8.1.  INTRODUCTION 
 
In this chapter there will be an analysis of the economic benefits of a PV/T system. It is 
hoped that the findings may contribute into making the system be considered as one of 
renewable energy systems that can be used in South Africa. The amount or margin by which 
such systems could help to reduce carbon emissions in South Africa would also be looked at. 
An appropriate pricing framework and energy cost reduction of the PV/T system would also 
be investigated. 
 
8.2.  PRICING FRAMEWORK 
 
There are several types of power transactions that can arise in the context of a market for 
excess power supply from the co-generators and the following transactions could be used, 
(Mtunzi et al., 2012); 
 Direct sale to the grid : In this transaction a cogenerating system is used to sell its 
excess power to the utility company for example ESKOM. The selling price would be a 
contractually agreed price between the generating station and the utility company. 
 Wheeling  :In this transaction the utility company will be there to transmit (wheel) the 
cogenerated power for simultaneous delivery to another location. Which could be a sister 
company or to a third party. In this case the utility company charges a transmission 
(wheeling) charge. Whereas the final purchaser of electricity pays directly for the power 
at the agreed price.  
 Banking  : This transaction involves a co-generator selling its excess power to ESKOM 
for future withdrawal from the utility. 
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 Banking plus Wheeling : In this transaction ESKOM a utility company would pay back 
the banked energy by wheeling the power to a delivery point different from the point of 
injection. This delivery could be for a sister company or to a third party. 
 
Power purchase tariffs for direct sales to the grid and or Banking could be the methods that 
can be used for the transactions in the PV/T system. A direct sale to the grid comprises over 
99% of transactions in the established power markets worldwide (Mtunzi et al., 2012). 
Banking is a transaction idea that may need to be sold to the utility or National Energy 
Regulator in South Africa (NERSA), for its implementation. 
The economic cost of generating and supplying electricity and therefore the value of the grid 
supply of any purchases may vary by time of the day. 
 
8.2.1  Avoided Cost 
 
The value of power generated by independent power producers (IPPs) is given by a utility 
company as the “avoided” cost from the perspective of the utility. These are the costs of 
generation, transmission and distribution, as well as fuel, which the utility company ESKOM 
would no longer need to incur by virtue of the operation of the independent source(s). 
The avoided energy cost is usually given by the utility company. However, this cost has to be 
compared to the generation cost of a company. 
 
8.2.2  Power Generation Cost 
 
Since a No Cost solar energy is used as a fuel and the PV/T cogeneration requires little or no 
additional labour on the module, a relatively large element of the cost of cogeneration would 
involve the cost of the initial capital investment. The initial capital investment would include 
the purchase of a PV module and its modification to include the thermal collection. 
Additionally, wiring, charge controller and the maximum power point tracking system 
(MPPT) costs would be included. The economic viability of the system would then be 
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checked. The part that is highly sensitive to the amount of power exported per unit of capital 
investment would also be investigated. 
 
8.2.3  Capital & Operating Cost Estimates 
 
From an economic analysis of the photovoltaic water heating system, the capital cost was 
determined as shown in Table 8.1: 
 
Table 8. 1: Capital cost of a photovoltaic water heating system. 
Item Cost (Rands) 
1 x SW80 R2445.87 on 2010/10/12 
1x Sun-Saver MPPT R2092.02 
1x TP12 100 (12V, 100AH) R989 
1x Back of module Coolant Box R 737.43 
1x 25W lamp R50 
1x 80l storage tank R3000 
2x Rolls of electrical cables R500 
Total R9814.32 
 
In an economy with market annual interest rate of i and the average annual inflation rate, f , 
the discount rate can be determined by the  relationship in equation 8.1 (Hove and Mhazo, 
2003): 
 
  [
(   )
(   )
]            (8.1) 
 
The discount rate used is therefore not i but rather a value determined using the South African 
market interest rate i and inflation rate f. The South African interest rate was determined from 
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equation (8.1). The annual inflation rate was found to be approximately 5.5% as shown in 
Figure 8.1 (SAIR, 2012). 
 
Figure 8. 1: The South Africa Inflation rate, (Adapted from SAIR, 2012). 
 
The official inflation rate in South Africa is calculated by looking at how the Consumer Price 
Index (CPI) changes over time. The CPI is made up of goods and services used by the 
average South African. Examples of items included in the CPI are food, petrol, housing and 
education. The interest rate that one would be charged by the bank is usually specified in 
terms of the prime interest rate. The latest prime interest rate was found to be 8.5% (SAPIR, 
2012).  
The discount rate that is going to be used in all the economic analysis in this study was 
therefore determined using the above mentioned values. The real discount rate was 
determined using equation (8.1) and was found to be 2.84%. 
The capital and operating cost estimates are as detailed in Table 8.2 
  
0
1
2
3
4
5
6
7
N
o
v
-1
0
D
ec
-1
0
Ja
n
-1
1
F
eb
-1
1
M
ar
-1
1
A
p
r-
1
1
M
ay
…
Ju
n
-1
1
Ju
l-
1
1
A
u
g
-1
1
S
ep
-1
1
O
ct
-1
1
N
o
v
-1
1
D
ec
-1
1
Ja
n
-1
2
F
eb
-1
2
M
ar
-1
2
A
p
r-
1
2
M
ay
…
Ju
n
-1
2
Ju
l-
1
2
A
u
g
-1
2
S
ep
-1
2
O
ct
-1
2
In
fl
a
ti
o
n
 r
a
te
 (
%
) 
152 
 
Table 8. 2: Capital and operating costs estimates for a single PV/T system. 
Power 80 W 
Module cost (80W) R9814.32 
Erection and engineering  R1000 
Subtotal R10814.32 
Cotingency +miscellaneous at 20% R2162.86 
Total cost of investment Io R12977.18 
Life 25 years 
Operational and maintenance cost/yr 5.5% of Io =R713.75 
Interest rate 2.84% 
Revenue per kWh R1.18 
Available energy per year 1727.65 kWh 
 
Residential charges and tariffs effective from July 2012 to March 2013 were used in 
determining revenue per kWh (Residential tariffs, 2012). The tariffs have been on the 
increase in South Africa as highlighted in chapter 1. For the month of July 2012 to March 
2013 tariffs, single phase rates of R1.18 per kWh were considered as revenue per kWh. This 
value excluded the following; VAT and environmental levy due to the fact that the revenue 
was meant to be for the household owner and would not pollute the environment.  
For such a system to be implemented, its downtime must be minimised hence the need for its 
maintenance. Preventive maintenance and periodic inspections are needed. Hence operation 
and maintenance are a requirement for the system. As shown in Table 8.2, the operation and 
maintenance cost was pegged at 5.5% per annum following results obtained by (Canada et 
al., 2005). 
For the economic analysis of the system the Uniform series present worth was used and is 
given in equation (8.2) (Renchhausen, 2001); 
   (   )  
  ((   )   ) 
  (   )  
        (8.2) 
where:  P/A is the present worth of investment; 
I is the interest and 
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n is the number of years. 
The present worth of operations and maintenance cost (P/A for O&M cost) was found to be 
R12653.15, and the present value of all cost was found through adding up the total 
investment cost and the present worth of the operations maintenance costs. These were found 
to add up to R25630.33. 
To determine the present worth of revenue, the available energy per year was considered and 
this was found to amount to approximately 1728 kWh and the revenue of R1.18 per kWh as 
noted above was used. The present worth of the revenue was found to be R36152.18. 
Comparing this to the present value of all cost, the net present value (NPV) of the system was 
determined using the relationship in equation (8.3). 
 
                                                          (8.3) 
 
The Net Present Value was found to be greater than zero that is R10521.85, hence, the 
investment makes sense. 
 
8.2.4  Payback Period 
 
To determine the payback period of the system, the following was used; annual cost of the 
investment also referred to as the capital recovery cost of the investment, annual 
revenue/earnings, and the ratio of Capital Investment to Net Annual Revenue. 
 
The Annual cost of the investment or Capital recovery for the investment is determined using 
the relationship: 
   (   )  
     (   )  
 (   )    
        (8.4) 
where A/P is the annual cost of the investment or capital recovery and the other parameters 
have their usual meanings. 
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The annual cost of investment was found to be R731.93 and was determined using the 
relationship: 
                                                        (8.5) 
The annual cost was found to be R1445.68. 
Annual Revenue/Earnings was found to be R2039.04and the annual surplus was determined 
using the relationship; 
                                               (8.6) 
The annual surplus was found to be R593.36. To determine the cost per kWh the relationship 
used is: 
             
                 
                     
      (8.7) 
The cost per kWh was found to be R0.84.per kWh. 
Now the payback period of the system is determined using the following relationship; 
               
                  
                  
      (8.8) 
The capital investment of the system was found to be R12977.18 and the net annual return 
was found using the relationship; 
                                                                  (8.9) 
The Net Annual Return was found to be R1325.29 and the payback period was found to be 
9.8 years. Several authors point out the fact that the PV systems’ payback period is at least 15 
years (O’Flaherty et al., 2012). 
 
Comparing the generation cost of R0.84 per kWh to the revenue of R1.18 per kWh, it can be 
seen that a household would operate at a profit. The tariffs from Eskom have been on the rise 
as shown in Figure 1.1 and for the next five years it's going to go up by 8% each year. For 
households making use of such a system, the returns would be positive and with an increase 
in tariffs, the payback period would be further reduced.  
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8.2.5  Sensitivity Analysis 
 
The input parameters were either individually reduced or increased by specific percentage 
changes for example +/- 10%, +/-20%, +/-30%. See Table 8.3 showing the input parameters 
and the corresponding amounts for sensitivity analysis of the system. 
Table 8. 3: Input parameters and their corresponding amounts. 
Investment Io (Rands) R12977.18 
Price /kWh R1.18 
kWh/yr 1727.65 kWh 
O/M cost R713.75 
Years of operation 25 
Interest rate 2.84% 
Present worth function P/A(2.84%,25) 17.73 
Net Present Value R10521.85 
 
The effect of inputting the percentage changes on these parameters is shown in Table 8.4.  
Table 8. 4: The effect of changing % of input parameters. 
% Change Io Price kWh/yr O&M i No of Yrs 
30 R16870.33 R15.24 R2245.95 R927.88 0.0369 32.5 
20 R115572.62 R1.42 R2073.18 R856.50 0.0341 30 
10 R14274.90 R1.30 R1900.42 R785.13 0.0312 27.5 
0 R12977.18 R1.18 1727.65k R713.75 0.0284 25 
-10 R11679.46 R1.06 R1554.89 R642.38 0.0256 22.5 
-20 R10381.74 R0.94 R1382.12 R571.00 0.0227  20.0 
-30 R9084.03 R0.83 R1209.36 R499.63 0.0199 17.5 
 
The above mentioned parameters together with the relationship in equation (8.3) were used to 
determine the sensitivity analysis of the system using the Net Present Value (NPV). Payback 
period and internal rate of return could also be used in determining the sensitivity of the 
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system. Table 8.5 shows the varying output parameter NPV at absolute or percentage 
changes. 
 
Table 8. 5: Sensitivity values of NPV at different percentage changes. 
% Io Price/kwh kWh/yr O&M i Yrs of op 
30 43476685.8 66235687 66235687 45221178 40887470 48279156 
20 44634310.8 59806978 59806978 45797305 42798950 48491507 
10 45791935.8 53378270 53378270 46373433 44817219 48083853 
0 46949560.8 46949561 46949561 46949561 46949561 46949561 
-10 48107185.8 40520852 40520852 47525689 49203824 44992369 
-20 49264810.8 34092143 34092143 48101816 51588466 42134124 
-30 50422435.8 27663434 27663434 48677944 54112607 38322576 
 
The parameters with sensitivity effect on the NPV were noted as shown on the Sensitivity 
Analysis graph in Figure 8.2. From the graph, it was noted that the steeper the curves, the 
more sensitive the NPV is to the changes in that parameter. 
 
Figure 8. 2: Sensitive analysis of the NPV with the corresponding input. 
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The sensitivity analysis allows the researcher to explore the variations in NPV due the 
variable inputs. With this background, the more cost effective conditions can be determined. 
As indicated in the graph, the relationship between the NPV and input parameters were found 
to produce linear functions for each parameter. For each parameter, the NPV was noted to be 
sensitive in varying degrees to percentage changes in the different parameters. Each line had 
a constant slope and in general, the steeper the line, the more sensitive the NPV is to the 
change in that parameter. The parameters showing this were pricing of the energy for each 
unit and the units produced by the system. Increasing the selling price of the electricity by 
10% was noted to give a new NPV of R14123.86, showing an increase of R3614.01. 
 
8.3  POTENTIAL ENERGY CONTRIBUTION TO ENERGY DEMAND IN SA  
 
The system could contribute enormously towards the energy demand in South Africa. In 2005 
7.5 million households were connected to the grid in South Africa (DEAT, 2005). By Year 
2007, about 8.4 cumulative total households were electrified (Bekker et al., 2007). Currently, 
there are approximately 14.756 Million households in South Africa and out of these, 82.7% 
were connected to the electricity grid as of the end of 2011 and this meant 12.24 Million 
residential units were connected (SSA, 2012). With this background, it can be noted that 
there has been a lot of pressure to the utility in terms of energy demand.  
The PV/T systems could be used to reduce this energy demand by households in South 
Africa. The potential energy output from these households if using the system, could reach 
approximately 21146436 MWh each year. This in turn would contribute immensely towards 
the carbon emissions reduction. According to ESKOM, the average amount of carbon 
emissions for the existing thermal power stations as in 2011, was found to be 1.04 tons CO2 
per MWh (COP17, 2011). With this background, the carbon emissions that could be saved 
through use of the PV/T by all the households would be 22 million tons. During the 2010/11 
financial year, Eskom emitted 230,3 million tons of CO2 from its thermal power generation 
stations (COP17, 2011). This could mean a 9.55% carbon emission reduction would be 
possible each year. Also, according to the IRP2010-30 report, energy equivalent to 9TWh 
was found to be equivalent to a 100 MW power plant. This would imply the energy output of 
the system could equal a 235 MW power plant (DoE, 2011). 
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8.4  FEED IN TARIFF SYSTEM IN SOUTH AFRICA 
 
A renewable energy feed in tariff (REFIT) model has been used successfully worldwide by 
countries such as Germany, France etc. This model was first introduced in 2009 by South 
Africa through the government department, the National Energy Regulator South Africa 
(NERSA), (NERSA, 2009). The following sources of energy were considered in its first 
phase; wind, solar (CSP), small-scale hydro and landfill gas. The second REFIT model was 
also introduced in 2009 and had the following sources under consideration; solid biomass, 
biogas, CSP and PV. The REFIT power purchase agreement (PPA) was laid out as follows 
(NERSA, 2011): 
 
 Concentrated solar power trough without storage: R3,14/kWh 
 Concentrated solar power (Tower) with storage: R2.31/kWh. 
 Large scale grid connected PV systems (≥ 1 MW):R3.94. 
 Biomass Solid: R1.18 
 Biogas : R0.96 
 
While REFIT model has been accepted as the best practice model globally, South Africa 
abandoned it 2 years after its introduction and a renewable energy bidding (REBID) model 
system was introduced in 2011 (DoE, 2011). The new REBID process sets a ceiling tariff rate 
for each technology. With this new model, the initial proposed generation capacity was 9.6 
GW from Nuclear, 6.3 GW from Coal; 11.4 GW renewable energy and 11.0 GW other 
generation sources. After realising the low potential production levels of renewable energy, 
this was later changed to 9.6 GW of Nuclear; 6.3 GW of coal; 17.8 GW of renewable and 8.6 
GW of other generation sources (DoE, 2011). The renewable energy section was further 
subdivided into the following levels; Wind at 8.4 GW; CSP 1.0 GW and Solar PV at 8.4 GW. 
The REBID system had five windows for bidding, two windows had already gone through 
and the third one was to be presented before the end of the year 2012. The first window had a 
potential contribution of 1415 MW renewable energy to the grid and the sources that were 
bid for were solar and wind energy. The second window had up to 1275 MW projects 
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available for bidding, but projects adding up to 1043.9 MW of capacity were selected. The 
third window was to be opened for bidding after reviewing windows 1 and 2 (Creamer, 
2012).  
Bidders identified during the second bid window were given until 13
th
 December 2012 to 
take their projects to financial closure. Meanwhile, several projects are not yet concluded 
hence there is a likelihood that they could be coming up once more in the third window. 
Financing for the two windows was expected to reach a total of R74-billion and the banks 
were to help in financing the projects (Creamer, 2012). 
The PV/T systems were not included in the REBID, possibly due to the fact that not much 
research had been done on this system. For the household owners to be allowed to feed into 
the grid, there is a need for policy changes so as to accommodate household systems feeding 
into the grid.  
REFIT has been noted to be a success in many countries that adopted it, and these include; 
India, China, the United States, Spain and Germany, (NERSA, 2008). Internationally, bidding 
process has been found to have less track record, with countries such as Italy, Ireland, 
Australia and United Kingdom, having abandoned the REBID process for REFIT (Beck and 
Martinot, 2004; Haselip et al., 2011).  
NERSA may need to reconsider REFIT or realign its REBID policy so as to accommodate 
households feeding into the grid. As mentioned earlier on, an 80 W PV module could deliver 
143.31 kWh of electrical energy each year and if all the 12.2 million households were to be 
connected to the grid, then the utility company would generate less electricity, hence 
reducing on its carbon emission. Furthermore, the PV/T thermal energy production which is 
higher than electrical energy could further contribute towards reducing carbon emissions. 
Policy makers seem to be more interested in the bulk electricity generation, greater than 1 
MW; hence the disregard of low production points (NERSA, 2011). This kind of approach 
needs to be revised. 
A policy for solar thermal collectors’ installations in South Africa could also be renegotiated 
so as to include the PV/T systems. According to the solar thermal collector's policy, a million 
solar water heaters were supposed to have been installed by the year 2014 in South Africa. 
According to the end of the financial year 2011/2012 report, energy minister, Dipuo Peters, 
highlighted that the solar thermal collector installations in the country had totalled 281 000 
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(Wait, 2012). Implying that there is still more room to accommodate solar thermal collectors. 
The PV/T systems could still be accommodated to aid on the prescribed target. With 
consultations and future policy plans put in place, the PV/T systems could play a major role 
in reducing electricity demand for warm water supplies in households. 
The feed in policy could relate to either cash payments or awarding back an equivalent 
number of units supplied to the grid. Reduced electricity bills could also be achieved by the 
PV/T system through the thermal energy collection.  
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8.5  CONCLUSION 
 
The PV/T system was found to be viable and it’s payback period was found to be 9.8 years. 
This showed a reduced payback time for the PV/T system as compared to 15 years for an 
ordinary PV module. The PV/T was found to be more sensitive to the price changes and to 
the energy output. Comparing the generation cost of R0.84/kWh to the revenue of R1.18 per 
kWh, the households were found to be able to operate at a profit of R0.34 for each electricity 
unit supplied to the grid, implying a 40.5% profit. Also the price of each unit was noted to be 
on the increase each year, implying an increased profit margin each year as well as reduced 
payback period.  
The REBID policy would need to be revisited so as to accommodate low energy generation 
systems such as household PV/T systems. Households were also noted to be able to help out 
in terms of carbon emission reductions, and a 9.55% carbon emission reduction potential was 
found to be attainable each year.  
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CHAPTER 9  
 
DISCUSSION, RECOMMENDATIONS AND CONCLUSIONS 
 
9.1  INTRODUCTION 
 
The aim of the study was to design and evaluate a directly cooled photovoltaic-water heating 
system for use in South Africa. The findings were used as the basis for the research’s 
conclusion. 
 
9.2  METHODS AND PROCEDURES 
 
Two SW80 polycrystalline PV modules were used in this research. Initially they were 
benchmarked using the sun.  
One PV module was then reassembled to accommodate a water jacket or back of the module 
container at its back. This water jacket/box container was in turn connected to an 80 litre 
water storage tank. The storage tank was filled with water together with the back of the 
module water jacket. Initially, the box container’s outlet was not connected to the storage 
tank so as to allow the entrapped air to escape. Once the box container was full and water 
gushing out of the hot water outlet, then the loop was completed by connecting the outlet to 
the storage tank. Air gaps in the system had to be eliminated as they would compromise the 
thermosyphon effect. If thermosyphon effect is not taking place, then, no cooling effect 
would take place on the PV module. 
When the setup of the system was completed, measuring instruments were setup as described 
in chapter 3 and the system set outdoor for data recording. 
 
 
165 
 
9.3  MAJOR FINDINGS 
 
Before installations were made the modules were first benchmarked and from the 
measurements made, the STC corrected values were found to be more than the manufacture’s 
values. After a year of operation, these modules’ series and shunt resistances were noted to 
have changed. The naturally cooled module M1’s series resistance slightly increased from 0.8 
Ω to 1.1 Ω, while its shunt resistance decreased slightly from 242.9 Ω to about 182.0 Ω .The 
directly water cooled module M2’s initial series resistance was found to be 0.5 Ω while its 
parallel resistance was 261.3 Ω. After a year of operation, M2’s series resistance was 3.2 Ω 
while its shunt resistance was found to be 52.2 Ω. All measurements were taken around solar 
noon. A large increase in the series resistance of a directly water cooled module (M2) was 
noted when compared to the naturally cooled module (M1). M2’s shunt resistance was 
equally reduced as compared to M1’s shunt resistance. These changes were attributed to 
M2’s water ingress. 
For the first three months; from September 2011 to November 2011, M2’s performance was 
better as compared to M1. The power output and efficiency of M2 was found to be initially 
higher than that of M1. In the month of November 2011 M2 was found to operate at higher 
electrical efficiency for 87% of the day. It produced 3.63% more electrical energy as 
compared to M1. Lower operating temperatures of the module M2 resulted in higher open 
circuit voltage Voc, hence better performance. Maximum water outlet temperature of 45°C 
was obtained from the box container, implying that the water in the tank could only need to 
be raised by 10°C to reach the acceptable geyser temperature of 55°C. 
Some variations in I/V characteristics of the PV modules were noted from the data collected. 
These variations appeared to be more pronounced in the morning and late in the afternoon on 
sunny days. The Relative Power Losses (RPL) of the modules were determined at these times 
and in the mornings these reached about 67.8% for M1 and 40.42% for M2. Towards sunset, 
M1’s relative power loss was found to be 42.22%, while M2’s was 29.69%. The PV/T was 
found to take longer to lose heat energy gained, hence a smaller difference between the two 
modules’ RPL. M2 was found to have less RPL for three quarters of the day.  
The module M2 also displayed higher performance ratio ranging from 0.65 to 0.88 while 
M1’s performance ratio varied from 0.65 to 0.85. The monthly energy saving efficiency of 
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the Photovoltaic Thermal System was found to be approximately 61%. The naturally cooled 
PV module, M1’s solar utilisation was found to be 8.79% while M2’s, was 47.93%. 
The payback period of the system was determined and found to be 9.8 years. The PV/T was 
found to be more sensitive to the price changes and to the energy output. Comparing the 
generation cost of R0.84/kWh to the revenue of R1.18 per kWh, the system was found to 
enable the user to make a profit of 40.5 %. Use of such a system was found to be able to 
contribute a 9.55% carbon emission reduction each year for the country. 
 
9.4  DISCUSSION 
 
This study was guided and focused on the problem of the study, the theoretical framework 
pertaining to the study and the relationship between theory and practice of a directly water 
cooled photovoltaic module. The results of the study showed the relationship between these 
three aspects. The following is a brief summary of the findings that could be used when 
addressing the cooling of photovoltaic modules. 
 
The main problem considered was, the high back of module temperatures which impacts 
negatively on the performance of the PV module. Maximum temperatures attained at the back 
of naturally cooled module (M1) were found to reach a maximum temperature of 72°C. The 
water cooled module’s temperature rose up to a maximum temperature of 45°C, implying that 
the water cooled module M2, could operate at a higher efficiency as compared to M1 due to 
these temperature differences. Unfortunately, this positive response was only noted for a 
short period of time, from September to end of November 2011. The possible cause for this 
anomaly was the water ingress to the solar cells due to poor sealing. 
 
When silicon cells get mixed with water they get oxidised resulting in high series resistance 
and reduced shunt resistance on the module’s circuit contacts. 
 
Increase in series resistance, causes loss of energy due to high voltage drop across the series 
resistance and this has an effect of reducing power to the load. The shunt resistance is meant 
to be of high value, but if reduced then this lead to current being shunted away from the load. 
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Experimental results indicated reduced power output from module M2 and this was due to 
increase in series resistance and reduction in shunt resistance.  
 
The PV/T system was found to be capable of contributing an equivalent of 1728 kWh each 
year for each household and a potential of 21146436 MWh if all grid connected households 
had such a system. If larger systems were to be put in place to accommodate higher electrical 
energy and warm water demands, then more energy contributions and better carbon emission 
reduction could be achieved. A reconfigured 80 W photovoltaic module was found to be able 
to bring about a 9.55% carbon emission reduction each year. 
 
A payback period of 9.8 years could be achieved from the system. The sensitivity analysis of 
the system showed that the system was more sensitive to changes in the price and to the 
energy output. Comparing the generation cost of the system to its revenue, a potential profit 
of 40.5% was obtainable. An increased profit margin was attainable each year due to an 
escalating price of a unit of electricity each year in South Africa. 
 
A roll out of such systems could come up with the creation of employment as well as a 
reduction of electricity bills in the households. However, for this to be achievable, the energy 
policy formulation department, NERSA, in consultation with the ministry of energy, need to 
revisit the renewable energy bidding process (REBID) so as to accommodate low power 
output systems. 
 
Using the sun, as a source of light, the modules were benchmarked for comparisons with 
future changes or variations. For the first three months; from September to November 2011, 
the directly water cooled PV module (M2) was found to operate better as compared to the 
naturally cooled module (M1). Thereafter, the water cooled module’s efficiency and power 
output dropped due to increased series resistance and reduced shunt resistance. The directly 
water cooled system is therefore possible but there is a need to find ways of reducing water 
seepage and ingress if this system is to be used.  
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9.5  RECOMMENDATIONS 
 
The following recommendations are a result of the research findings. 
 A system that is industrially fabricated and a full proof system is needed to avoid 
seepage, water ingress and leakage problems noted in the system. 
 A Proper paint, that will be able to prevent water from seeping to the cells and allow 
heat flow into water would be recommended. 
 The cooling jacket or container should be made to cover all the cells so as to avoid 
temperature mismatches on the cells. Mismatches on cells have been noted as agents 
for hot spots and power reduction. 
 The national energy regulator South Africa (NERSA) needs to be consulted on the 
REBID policy and the inclusion of PV/T systems on the potential renewable energy 
contribution sources. 
 
9.6  CONCLUSION 
 
Having tried to answer the problem which this study was set to address, it is evident from the 
data collected that the use of water in direct contact with the back of the module could 
provide perfect cooling of the modules. The water cooled module was found to operate 
within NOCT conditions and its efficiency and power output was found to be higher than that 
of the naturally cooled module for the first three months. The naturally cooled module later 
on outperformed the water cooled module due to shunt and series resistance changes in the 
water cooled module (M2). The series resistance for water cooled module increased from 0.5 
Ω to 3.2 Ω., while its shunt resistance decreased from 261.3 Ω to 52.2 Ω. All this was found 
to be due to water seepage and ingress, this water then oxidised the cells and introduced shunt 
paths in PV cells causing a loss in power generation. 
A proper sealing on the module could prevent water finding its way to the solar cells, 
therefore preventing changes in the series and shunt resistances on the module. 
Use of the PV/T system was found to be able to provide an energy output of 1728kwh to a 
household each year. Extending such systems to all grid connected households was found to 
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be able to contribute 21146436 MWh to the grid. A 9.55% reduction of carbon emissions in 
the country was found to be achievable from such systems. Comparing the generation cost of 
R0.84/kWh to the revenue of R1.18 per kWh, the households were found to be able to make a 
profit of 40.5 %. 
From the research it was also concluded that the payback period for such a system was 9.8 
years. The sensitivity analysis of the system showed that the price changes and energy 
changes were more sensitive to the Net Present Values hence, for such installations to be 
more profitable the two parameters need to be considered. 
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